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Dear Sir: 

I, ZHONG-MIN WEI, pursuant of 37 C.F.R. § 1.132, declare: 

1 . I received a B.S. degree in Biology from Zhejiang University, 
Zhejiang, China in 1982, an M.S. degree in Plant Pathology from Nanjing Agricultural 
University, Nanjing, China in 1984, and a Ph.D. degree in Molecular Biology from Nanjing 
Agricultural University and Academy of Science, Shanghai, China in 1987. 

2. I am currently employed as Chief Scientific Officer and Vice 
President of Research and Development at EDEN Bioscience Corporation in Bothell, 
Washington. 

3. I am the inventor of the above-identified application. 

4. I am presenting this declaration to show that hypersensitive response 
elicitors from a diverse range of plant pathogenic bacteria (1) are an art-recognized class of 
proteins where results achieved with one such protein would be expected when other proteins 
in this class are used and (2) share the unique ability to cause distinct plant responses. 
Specifically, treatment of a variety of plants and plant seeds with hypersensitive response 
elicitors was shown to induce plant disease resistance, enhance plant growth, and induce 
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plant stress resistance, as compared with plants and plant seeds not treated with a 
hypersensitive response elicitor. 

5. In plants, the hypersensitive response phenomenon results from an 
incompatible interaction between plant pathogens and non-host plants. As explained in 
Gopalan et al., "Bacterial Genes Involved in the Elicitation of Hypersensitive Response and 
Pathogenesis," Plant Disease 80: 604-10 (1996) ("Gopalan") (attached hereto as Exhibit 1), 
these types of interactions involve, for example, a bacterial plant pathogen attempting to 
infect a host plant, and the host plant preventing proliferation of the pathogen by the collapse 
and death, or necrosis, of plant leaf cells at the site of infection. This is distinct from a 
compatible interaction between a bacterial plant pathogen and a host plant in which the 
bacteria is capable of proliferation, resulting in the spread of the pathogen throughout the 
plant and the manifestation of disease symptoms. Id. at 604. 

6. Hypersensitive response elicitors within a given genus are often 
homologous to elicitors from different pathogenic species and strains of the same genus. For 
example, homologs of hypersensitive response elicitors from Erwinia amylovora and 
Pseudomonas syringae have been identified in different bacteria species and strains from the 
genera Erwinia and Pseudomonas, respectively. See Gopalan. 

7. In addition, numerous reported studies confirm that a gene encoding a 

hypersensitive response elicitor from a particular source genus can be used to isolate a 

corresponding hypersensitive response elicitor gene from different species and strains of that 

same genus. For example, in Bauer et al., "Erwinia chrysanthemi Harping An Elicitor of 

the Hypersensitive Response that Contributes to Soft-Rot Pathogenesis," MPMI 8(4): 484-91 

(1995) ("Bauer") (attached hereto as Exhibit 2), the Erwinia amylovora hypersensitive 

response elicitor encoding gene was used as a probe to isolate, clone, and sequence the gene 

encoding the Erwinia chrysanthemi hypersensitive response elicitor, as follows: 

The cosmids were probed in colony blots with a 1 .3-kb Hindlll 
fragment from pCPP1084, which contains the E, amylovora 
hrpN gene (Wei et al. [, "Harpin Elicitor of the Hypersensitive 
Response Produced by the Plant Pathogen Erwinia amylovora," 
Science 257:85-88 (]1992[)]). pCPP2157, one of the three 
cosmids hybridizing with the probe, was digested with several 
restriction enzymes, and the location of the hrpN Ec h gene in 
those fragments was determined by probing a Southern blot 
with E. amylovora Hindlll fragment. Two fragments, each 
containing the entire hrpN Ec h gene, were subcloned into 
different vectors: pCPP2142 contained an 8.3-kb Sail fragment 
in pUCl 19 (Vieira and Messing [/'Production of Single- 
Stranded Plasmid DNA," Methods EnzvmoL, 153:3-1 1(] 
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1987[)]), and pCPP2141 contained a 3.1-kb Pstl fragment in 
pBluescript II SK(-) (Stratagene, La Jolla, CA). 

Sequence of hrpN Ec h 

The nucleotide sequence of a 2.4-kb region of pCPP2141 
encompassing hrpN Ec h was determined. The portion of that 
sequence extending from the putative ribosome-binding site 
through the hrpN Ech coding sequence to a putative rho- 
independent terminator is presented in Figure 1 . 

See page 485. 

8. In the same manner as described in Bauer supra, Cui et al., "The 
RsmA" Mutants of Erwinia carotovora subsp. carotovora Strain Ecc71 Overexpress hrpN^ 
and Elicit a Hypersensitive Reaction-like Response in Tobacco Leaves," MPMI 9(7): 565-73 
(1996) ("Cui") (attached hereto as Exhibit 3) demonstrates that the gene encoding the 
Erwinia carotovora hypersensitive response elicitor can be isolated, sequenced, and cloned 
by using the Erwinia chrysanthemi hypersensitive response elicitor encoding gene to probe 
the genomic library of Erwinia carotovora. Further, Cui (at page 572) states the following: 

The genomic library of E. carotovora subsp. carotovora strain 
Ecc71 in pLARF5 was screened by in situ colony hybridization 
with a 0.75-kb internal Clal fragment of hrpNoiE. 
chrysanthemi (Bauer et al.[, "Erwinia chrysanthemi Harping^ 
An Elicitor of the Hypersensitive Response that Contributes to 
Soft-Rot Pathogenesis," MPMI 8(4): 484-91 (]1995). Two 
cosmids, pAKC921 and pAKC922, that hybridized with the 
probe were isolated. The subclones (pAKC923 and pAKC924, 
Table 1) carrying hrpN UNA were used for sequence analysis. 

9. The gene encoding the hypersensitive response elicitor of Erwinia 
amylovora has also been used as a probe to isolate and clone the gene encoding the 
hypersensitive response elicitor of Erwinia stewartii. It was found that antibodies raised 
against the hypersensitive response elicitor of Erwinia stewartii cross-reacted with the 
hypersensitive response elicitor of Erwinia amylovora. See Ahmad et al., "Harpin Is Not 
Necessary for the Pathogenicity of Maize," 8th Int'l Cong. Molec. Plant Microbe Inter. July 
14-19, 1996 ("Ahmad") (attached hereto as Exhibit 4). 

1 0. Similar findings were reported for hypersensitive response elicitors 
from the genus Pseudomonas. An internal fragment of the hypersensitive response elicitor 
from Pseudomonas syringae pv. syringae (i.e., hrpZ) was used to identify and isolate the 
hypersensitive response elicitors from P. syringae pv. glycinea and P. syringae pv. tomato. 
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Significant amino acid sequence similarities were identified between the various 
Pseudomonas syringae elicitors. See Preston et aL, "The HrpZ Proteins of Pseudomonas 
syringae pvs. syringae, glycinea, and tomato Are Encoded by an Operon Containing Yersinia 
ysc Homologs and Elicit the Hypersensitive Response in Tomato But Not Soybean," MPMI 
8(5): 717-32 (1995) ("Preston") (attached hereto as Exhibit 5). 

1 1 . The genes encoding hypersensitive response elicitors are positioned 
within the hrp gene cluster or proximate to the hrp gene cluster in hrp regulons. For 
example, hrpN from Erwinia amylovora was located within the hrp gene cluster, as was hrpZ 
from Pseudomonas syringae. The popA gene, encoding a hypersensitive response elicitor 
from Pseudomonas solanacearum, was located on the left flank of the hrp gene cluster within 
a hrp regulon. See Bonas, "hrp Genes of Phytopathogneic Bacteria," Current Topics in 
Microbiology and Immunology 192: 79-98 (1994) ("Bonas I") (attached hereto as Exhibit 6) 
and Alfano et aL, "The Type III (Hrp) Secretion Pathway of Plant Pathogenic Bacteria: 
Trafficking Harpins, Avr Proteins, and Death," Journal of Bacteriology 179: 5655-5662 
(1997) ("Alfano") (attached hereto as Exhibit 7). Similar to the pop A gene, hreX y the gene 
encoding the hypersensitive response elicitor from Xanthomonas campestris, was located on 
the left flank of the hrp gene cluster. See Swanson et al., "Isolation of the hreXGene 
Encoding the HR Elicitor Harpin (Xcp) from Xanthomonas campestris pv. pelargonii" 
Phytop athology 90: s75 (1999) ("Swanson") (attached hereto as Exhibit 8). 

12. The characteristics that distinguish hypersensitive response elicitors as 
a distinct class of molecules are clearly apparent when considering the different elicitors' 
secretion mechanisms, regulation, biochemical characteristics, and biological activities. 

1 3 . Substantially all hypersensitive response elicitors identified have been 
shown to be secreted through the type III, hrp dependent secretion pathway. The type III 
secretion pathway is a highly conserved and unique mechanism for the delivery of 
pathogenicity related molecules in gram-negative bacteria. The hrp gene cluster is largely 
composed of components of the type III secretion system. See Bogdanove et al., "Unified 
Nomenclature for Broadly Conserved hrp Genes of Phytopathogenic Bacteria," Molec. 
Microbiol. 20:681-83 (1996) ("Bogdanove") (attached hereto as Exhibit 9); and Alfano. 

14. Regulation of the genes encoding the hrp gene cluster, and 
subsequently the genes encoding the components of the type III secretion system and 
hypersensitive response elicitors, is controlled by environmental factors. Specifically, 
transcriptional expression of these genes is induced under conditions that mimic the plant 
apoplast, such as low concentrations of carbon and nitrogen, low temperature, and low pH. 
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See Wei et al., "Regulation of hrp Genes and Type III Protein Secretion in Erwinia 
amylovora by HrpX/HrpY, a Novel Two-Component System, and HrpS," MPMI 13(1 1): 
1251-1262 (2000) ("Wei I") (attached hereto as Exhibit 10); and Bonas I. 

15. Biochemically, hypersensitive response elicitors have a number of 
common characteristics. These include being glycine rich, heat stable, hydrophilic, lacking 
of an N-terminal signal sequence, and susceptible to proteolysis. See Bonas, "Bacterial 
Home Goal by Harpins," Trends Microbiol 2: 1-2 (1994) ("Bonas II") (attached hereto as 
Exhibit 11); Bonas I; Gopalan; and Alfano. 

16. In addition, hypersensitive response elicitors share a unique secondary 
structure that has been associated with these elicitors' distinct biological activities (described 
below). The structure has two primary components, an alpha helix unit and a relaxed acidic 
unit having a sheet or random turn structure. In the absence of one or both of these 
components, hypersensitive response elicitation does not occur. See WO 01/98501 to Fan et 
al. ("Fan") (attached hereto as Exhibit 12). 

17. In addition to eliciting the hypersensitive response in a broad range of 
plant species, as explained by Wei et al., "Harpin from Erwinia amylovora Induced Plant 
Resistance," Acta Horticulture 41 1 : 223-225 (1996) ("Wei II") (attached hereto as Exhibit 
13) and by Alfano, hypersensitive response elicitors also share the ability to induce specific 
plant responses. The induction of plant disease resistance, plant growth enhancement, and 
plant stress resistance are three plant responses that result from treatment of plants or plant 
seeds with a hypersensitive response elicitor from a gram-negative plant pathogen. 

1 8. As described in Wei II, treatment of plants with the hypersensitive 
response elicitor HrpN from Erwinia amylovora resulted in disease resistance to a broad 
range of plant pathogens. For example, HrpN induced disease resistance to southern bacterial 
wilt {Pseudomonas solanacearum) in tomato, tobacco mosaic virus in tobacco, and bacterial 
leaf spot {Gliocladium cucurbitae) in cucumber. 

1 9. The hypersensitive response elicitor HrpZ from Pseudomonas 
syringae was reported to induce disease resistance in cucumber to a diverse range of 
pathogens, including the fungal disease Colletotrichum lagenarium, tobacco necrosis virus, 
and bacterial angular leaf spot {Pseudomonas syringae pv. lachrymans). See Strobel et al., 
"Induction of Systemic Acquired Resistance in Cucumber by Pseudomonas syringae pv. 
syringae 61 HrpZ Pss Protein," Plant Journal 9(4): 431-439 (1996) ("Strobel") (attached hereto 
as Exhibit 14). 
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20. Hypersensitive response elicitors from Erwinia amylovora and 
Pseudomonas syringae pv. syringae are also known to enhance plant growth. See Examples 
1 to 24 of U.S. Patent No. 6,277,814 to Qiu et al. ("Qiu") (attached hereto as Exhibit 15), 
which showed that treatment of plants and plant seeds with HrpN from E. amylovora induced 
plant growth enhancement in species of tomato, potato, raspberry, and cucumber. 

Hypersensitive Response Elicitors Induce Plant Disease Resistance 

21 . As demonstrated by the following experimental evidence in paragraphs 
22 and 23 below, treatment of tomato and tobacco plants with the hypersensitive response 
elicitor HreX from Xanthomonas campestris pv. pelargonii induced disease resistance in the 
plants against bacterial wilt and tobacco mosaic virus. 

22. The induction of disease resistance in tomato against bacterial wilt 
(caused by the pathogenic bacterium Pseudomonas solanacearum YLto) was investigated as 
follows. Approximately 30 days after sowing, tomato plants were sprayed with either a 
dilution of HreX or 5 mM potassium phosphate buffer, pH 6.8 (the same buffer used to dilute 
the HreX solution). Six days after treatment, inoculation was performed by slicing the soil of 
the pot containing the tomato plant 4 times and applying 40 ml of solution containing 1 x 10 6 
colony forming units ("cfu") per ml of P. solanacearum K^o to the soil. Disease severity 
ratings were recorded at 7, 9, and 13 days after inoculation ("DAI"), as shown below in 
Table 1. As these results demonstrate, plants treated with HreX exhibited substantially more 
disease resistance than the buffer-treated control plants. 



Table 1. Pseudomonas solanacearum Disease Resistance from Treatment of 
Tomato with HreX. 



Treatment 
Groups* 


Disease Index 
(7 DAI) 


Disease Index 
(9 DAI) 


Disease Index 
(12 DAI) 


% Difference 
(12 DAI) 


HreX 


0.12 


0.22 


0.22 


38.89 


1 Buffer 


0.16 


0.3 


0.36 


na 



tach group consisted of 1 pot containing 10 plants. 



23. Experiments examining the induction of systemic disease resistance in 
tobacco from treatment with HreX were conducted as follows: Diluted HreX was sprayed on 
all but the bottom most full-sized leaf of six- to eight-week-old tobacco plants (Xanthi). The 
bottom most full-sized leaf was covered during spraying so as not to receive residual spray. 
Three days after the spray treatment, the unsprayed leaf and the leaf opposite it, were lightly 
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dusted with diatomaceous earth. Thereafter, 20 jxl of a 1.7 |ig/ml solution of tobacco mosaic 
virus ("TMV") was applied to both leaves dusted with diatomaceous earth. The TMV was 
gently and evenly spread across the leaves. Approximately 5 minutes after inoculation, the 
plants were lightly rinsed to remove the diatomaceous earth. Three days after inoculation, the 
number of TMV lesions on the unsprayed and sprayed leaves for each plant was recorded, as 
shown below in Table 2. As these results demonstrate, plants treated with HreX exhibited 
substantially more disease resistance than the buffer-treated control plants. 



Table 2. Tobacco Mosaic Virus Resistance in Tobacco from Treatment with HreX. 





Number of TMV Lesions on Leaf 


Treatment 


Treated leaves 


Untreated leaves 


Groups 


Plant 


Plant 


Plant 


Avg. 


% 


Plant 


Plant 


Plant 


Avg. 


% 




No. 1 


No. 2 


No. 3 


No. 


Difference 


No. 1 


No. 2 


No. 3 


No. 


Difference 


HreX 


5 


7 


8 


6.67a 


93.37 


41 


22 


20 


27.67a 


76.49 


Buffer 
Control 


107 


99 


96 


100.67b 


na 


124 


106 


123 


117.67b 


na 



Enhanced Plant Growth by Treatment of Plants with Hypersensitive Response Elicitor 

24. As demonstrated by the following experimental evidence in paragraphs 
25 and 26 below, treatment of plants with hypersensitive response elicitors from a range of 
sources, such as Psuedomonas syringae (HrpZ) and Xanthomonas campestris (HreX), 
enhances plant growth. 

25. The hypersensitive response elicitor HreX from Xanthomonas 
campestris was evaluated for induction of plant growth enhancement as follows: Prior to 
sowing, tomato seeds were soaked for approximately four hours in either a solution 
containing the partially purified HreX protein diluted in potassium-phosphate buffer, or 
potassium-phosphate buffer alone. The treated seeds were then planted and maintained in 
identical conditions in a controlled environment. Each treatment group consisted of 3 pots, 
each pot containing 8 plants. The average plant heights and percent differences between the 
treatment groups are shown below in Table 3. As these results demonstrate, plants treated 
with HreX grew significantly more than the buffer-treated control plants. 
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Table 3. Growth Enhancement from Treatment of Tomato with the Hypersensitive 
Response Elicitor HreX. 



Treatment Groups 


Replicates 1 


Mean 2 


% Difference 


Pot #1 


Pot #2 


Pot #3 


HreX 


7.4 


7.3 


6.8 


7.1a 


15.5 


Buffer Control 


6.1 


6.1 


5.6 


6.0b 


na 



1 Mean height of the 8 plants in each pot. 

2 Means followed by the same letter do not significantly different (P=0.01, LSD) 



26. The hypersensitive response elicitor HrpZ from Psuedomonas syringae 
was evaluated for induction of plant growth enhancement as follows: Prior to sowing, tomato 
seeds were soaked for approximately four hours in either a solution containing the partially 
purified HrpZ protein diluted in potassium-phosphate buffer, or potassium-phosphate buffer 
alone. The treated seeds were then planted and maintained in identical conditions in a 
controlled environment. Each treatment group consisted of 6 pots, each pot containing 10 
plants. The average plant heights and percent differences between the treatment groups are 
shown below in Table 4. As these results demonstrate, plants treated with HrpZ grew 
significantly more than the buffer-treated control plants. 



Table 4. Growth Enhancement from Treatment of Tomato with the Hypersensitive 
Response Elicitor HrpZ. 



Treatment 
Groups 


Replicates 1 




Mean 2 


% 


Pot #1 


Pot #2 


Pot #3 


Pot #4 


Pot #5 


Pot #6 


Difference 


HrpZ 


5.10 


5.28 


4.60 


4.72 


4.71 


4.87 


4.88a 


9.6 


Buffer Control 


4.15 


4.38 


3.84 


4.31 


4.62 


5.18 


4.41b 


na 



Mean height of the 18 to 21 plants in each pot. 

Means followed by the same letter do not significantly differ (P=0.054, LSD) 
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Hypersensitive Response Elicitors Induce Plant Stress Resistance 

27. As evidenced by the experimental results reported in Example 12 of 
the above-identified application and Examples 1-6 of WO 00/28055 to Wei et al. (attached 
hereto as Exhibit 16), HrpN from Erwinia amylovora is capable of inducing various forms of 
plant stress resistance, such as chemical stress resistance, drought stress resistance, and 
nutritional stress resistance. 

28. As demonstrated by the following experimental evidence in paragraphs 
29 through 32 below, the hypersensitive response elicitor HreX fromXanthomonas 
campestris is also capable of inducing various forms of plant stress resistance, such as 
chemical stress resistance and salt stress resistance. 

29. In order to investigate whether treatment of plants with the 
hypersensitive response elicitor HreX from Xanthomonas campestris induces chemical stress 
resistance, corn seeds (DK662RR) were treated with HreX and then treated with varying 
concentrations of Roundup® (active ingredient glyphosate, Monsanto Co., St. Louis, MO). 
The HreX treatments consisted of soaking the corn seeds in 100 ml of a solution containing a 
3% formulation of HreX dissolved in water. The seeds were soaked for approximately 4 
hours at 26°C. The corn seeds were sown in pots containing vermiculite and equal amounts 
of the fertilizer EcoGrow (ECO Enterprises, Shoreline, WA), Roundup® (RU) treatments 
were conducted by a single spraying of the corn seedlings approximately two weeks after 
germination. Roundup® was applied at two concentrations. At the 1 pint (lpt.) application 
rate, 4.73 ml of Roundup® was mixed with 189 ml water. At the 1 quart (Iqt.) application 
rate, 9.46 ml of Roundup® was mixed with 189 ml of water. The specific treatment groups 
were as detailed below in Figure 1. Fifteen seeds were planted in each pot with a total of six 
pots per treatment. Plants were grown at 22°C to 26°C with a 14 hour daylight period. 
Results were obtained by measuring the dry weight from the largest 10 plants from each pot. 
The plants were dried by isolating the entire plant from the vermiculate and drying overnight 
at 26°C. The Combined Weight shown below in Figure 1 represents the accumulated dry 
weight of the 60 plants measured from each treatment group. The untreated control (UTC) 
plants were not pretreated with HreX and were not treated with Roundup®. 
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Figure 1. Dry Weight of Chemical + HreX and Chemical Alone Treated Plants 




Treatment Groups 



30. The hypersensitive response elicitor HreX clearly imparts chemical 
stress resistance in plants as demonstrated in Figure 1. Treatment of plants with Roundup® 
led to decreases in plant dry weight of approximately 13% at the Roundup® application rate 
of 1 pint, and approximately 21% at the Roundup® application rate of 1 quart, in comparison 
to that of the untreated control plants. In contrast, plants treated with HreX in combination 
with Roundup® resulted in decreases in dry weight of approximately 3% at the Roundup® 
application rate of 1 pint, and approximately 13% at the Roundup® application rate of 1 quart, 
in comparison to that of the untreated control plants. The treatment of plants with the 
hypersensitive response elicitor HreX increased the growth of Roundup® treated plants by 9 
to 10%. 

31. In order to investigate whether treatment of plants with the 
hypersensitive response elicitor HreX from Xanthomonas campestris imparts salt stress 
resistance in plants, lima bean seeds (Dixie Speckled Peas) were treated with HreX, sown, 
and then maintained in the presence of varying concentrations of NaCl. HreX treatment 
consisted of soaking the seeds in 100 ml of a solution containing a 3% formulation of HreX 
dissolved in water. The seeds were soaked for approximately 4 hours at 26°C. The lima 
beans were grown in pots containing vermiculite, equal amounts of the fertilizer EcoGrow 
(ECO Enterprises, Shoreline, WA), and varying concentrations of NaCl. The treatment 
groups were as detailed below in Figure 2. Fifteen seeds were planted in each pot, with a 
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total of six pots per treatment. Plants were grown at 22°C to 26°C with a 14 hour daylight 
period. Results were obtained by measuring the dry weight from the largest 10 plants from 
each pot. The plants were dried by isolating the entire plant from the vermiculate and drying 
overnight at 26°C. The Combined Weights detailed in Figure 2 below represent the 
accumulated dry weight of the 60 plants measured from each treatment. The untreated 
control (UTC) plants were not treated with HreX and were not grown in the presence of 
NaCl. The results of the study are shown below in Figure 2. 




32. The hypersensitive response elicitor HreX clearly imparts salt stress 
resistance in plants, as demonstrated in Figure 2. Growth of the plants in the presence of 
100 mM and 200 mM NaCl resulted in decreases in plant dry weight of approximately 38% 
and 57%, respectively, in comparison to that of the untreated control plants. In contrast, 
plants treated with HreX and grown in the presence of 100 mM and 200 mM NaCl resulted in 
decreases in plant dry weight of approximately 14% and 48%, respectively, in comparison to 
that of the untreated control plants. The treatment of plants growing in the presence of high 
concentrations of NaCl with the hypersensitive response elicitor HreX resulted in increases in 
plant dry weight of 18 to 28%. 
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33. I hereby declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under section 1001 of Title 
18 of the United States Code, and that such willful false statements may jeopardize the 
validity of the application or any patent issuing thereon. 
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Surest) Gopalan and Sh ngYang-H 
MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing 



... « 

Intend ve ZDolecuTar* genetic studies un- 
dertaken in,tbe past 10 yean have started 
to solve many of the puzzles 1n the area of 
compatibility 'and incompaubiHty /between 
plants and . bacterial pathogens. These. 

; stores have provided answers td some of 
the most' fundamental questions in .plant 

' pathology: „ What bacterial genes . are* iiv 
volved in the establishment of compatibil- 
ity or incompatibility • between plants* and 
necrogenic .bacteria? Wha|.' traits - distin- 
guish plai-pathogetiic bacteria from tap* 
ropbytfe bacteria? Are these geriesVand 

. traits common in seemingly very diverse 
groups 'of plant-pathogenic bacteria, firom 
soft-roCerwinias : to-, local lesion-forming 

• pseudompnads?*In. this*. article, , we wQl 
discuss some recent advances in-under- 
standing ' the compatibility or incompati- 
bility between, plants and necrogenic bac- 
teria .(bacteria- that cause tissue necrosis). 
Tht potential application of these advances 
40 disease management wig be addr e ssed 

•'• briefly.. Interested readers should consult 
other recent reviews (6^45,50) for a more 

technical discussion pn this topic 

• * , • • »• 

Plant-rBacteiia Interactions: 
Incompatible vs. Compatible 

Plant-pathogenic- bacteria cause devas- ' 
taxing • diseases ,on inany impdrunt crop 
plantvSome bacteria, such' as Agrobdcs* 
' rium tumefacuns, cause tissue, deformation 
. .(tumors) by altering, hormone- balance in 
- infected plant tissues. Other bacteria cause. 
, wflt or* soft rot by interfering with *e 
function of the plant vascular system or by 
disintegrating plant : tissues, respectively,: 
Many pathovars of ?jeiubmonas 'syringoi^ 
. and ■ XcoithomonoS' corspessns c a u se * local 
lesions on various plant tissues. Disease 
syt&ptotti caused by most plant-pathogeate 
bacteria involve' plant -cell death, te this 
•article, only, necrogenic bacteria will be 
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discussed. . Ttetfore, • gall-forming A° 
tumefociens'm^ other bacteria -that do not • 
cause necrosis;.wtfl not bt .addressed. • 
• Plant4>acteria 'interactions .can be *jpa> 

' eraily classified as compatible or inconh, 

*paul>k intd^ctiohs,;in"a compatible, tater- 
actiotwa susceptible host plant is' infected 

. by. vviirulcnr.<or' compatible) bacterium, 

"Resulting in (He multiplication- and spread 
of the bifiteriCT in infected plant -tissues 

. and the" appearance of 'disease symptoms. • 
In ^incompatible interacdo^anavirulent* 
. (or * incompatible) .bacterium attempts to 
infect a resistant host -plant .or a nonhpst 
plant bat the 'multiplication."and spread of 
die "bacterium are. severely, restricted.* A 
.hallmark of many incompatible interactions 
is the occurrence of capid'plant ceU- death 
. at or. 1 near the attempted Infection site,' a 
pher^mesod knbwn as: the' hypersensitive, 
•response (HR: 16\29). That. is, although «&. 
avuulcnt'.bactciium is) .'unable to cause* 

- typical; spreacfing- <£seaie symptoms in a ; 

..■resist' host Viwnhost plant, R is able to • 
eiidt focalized, plant cell- death! The-HR h • 
associated -with "a .wide amy' of defense- 

• responses that may jnWbir further pathogen 
invassda, "inclnding synthesis- of antind- "■ 
crohial compounds, induction, of plant . 

• defense. genes, ' and. strengthening. of the* 
plant cell wall by rapid .cross-linjdng .of ' r 
ceD waD components (10£2). * 

Although atruc plant-pathogenic bacte- 
rium can elicit a dramatic plant response— 
either disease ' or resistance^in a healthy 

' . plant with, the appropriate . genetic back* 
ground,* saprophytic bacteria or .bacteria 
that* are pathogenic on organisms other " 

. than higher plants are generally unable, to 
initiate any ; iuieractions.p plants. Of U600 
known species of bacteria, only about 80 
species .have- been* found fo cause plartt 
aiflttfc'Of What are the features that 

• distinguish oiii^pr^oogenij .bacteria 'from • 
other .types V:b*cteria? . Taxobo'mio differ- * 
enccs oo die to the differences to 
pathugenfcSiy*' For example, Erwhia wny- 

■ iovom, etc baocrium that causes fire blight, 
it taxonaartaiiy more dosely related » the- • 
bums: paiogens Escherichia coU and 
YmbJs sp^ » another common plant 



Genes Controlling . 
Compatibility Between Plants 
and Bacteria * 

In the eady 1980s, a number of re- 
searchers started tof use trahsposon-medi.. 
ated mutagenesis, a technique developed in 
the study of £ colU to reveal bacterial 
genes that play ' important roles in various* 
plant-bacteria interactions. A transposed is . 
a mobile DN A element that can hop in and 
out. of the. bacterial chromosome. When a* 
transpospn bops "into ,a. gene chi die 
chromosome,- the gene is physically dis- 
rupted and cannot produce * . functional 
product (Rg. \\ Iif the.gene happens to be 
important in plant-bacteria! < interactions, 
the mutant -bacterium carrying the dis- 
rupted gene will show a defect in initialing 
normal olant-bacterial interactions. 

Using such a mutagenesis technique, 
Niepolid et aL.(35) and Undgren et aL>C33) . 
Identified dnstcrs of bacterial genes, known ■ 
as/Zup^fbr-p and* pathogeriidty) genes, 
in the bean*, patiwgens fscudomonas • 
synn& w\*yw&*ad R * pv. pfosco-: 
.licola, respectively, , TtosposWindoced* 
; mutations to jup gates ..woe found to ' 
abolish the ability, of P. jyringae to elidt 
the HR ik- nonhost .plants - oc tot cause 
disease in host plants Q2JS)J Krp. mutants ' 
behave, very much like bacteria that have 
ho .apparent interactions with! plants., such 
as £ co£ The identification of hrp genes, 
suggested that the molecular mechanises) 
underiying. 'baiteial pathogenicity and 
.bacterial :elidtati6a of pint ".disease 
resistance may involve the same bacterial 
.genes* . . • - 

• krp geriesbaye been isolated from many 

• plaht-padtogoite bacteria' and: -been 
diaracteiized" most ex^nsivefy (torn A & 
pv, syrin$at* R:x. py. ' phnsicUc^ Pstu> 
domofa sd&taquxrw wflt- 
mi many solanaceoua plants). Xamhomonas 
catiipesiris pi'wicmo'rid . (which causes 
bacterial -spot oh' tomato and pepper), and 
£ attytovcJa, (6,8,45). Isolation (dotting) 
of hrp genes 'was accomplished: by Insert- 
ing random genomic DMA fragments from 
a wild-type* plant-pathogenic bacterium into 
a cloning vector, followed by introduction of 
cloned DN A fragments into (hp mutants 



(Fit- i\ If a'doned DNA fragment carries 
a wild-type copy of the mutated top gene 
in an' top mutant, it will produce a 
functional top gene product and therefore 
complement the mutated hrp gene located 
in the chromosome (Kg. 1). Surprisingly, 
the* cloned hrp dusters from A & pv. 
syringac 61 and £ amybvora 321 enabled 
nonpatbojgeus (e.g* £ coli or Psauiomcnos 
fluoresces)., to elicit the HR in. plants 
(5,24)-"fte functional cloning, of these wo 
top dusters -in £ /c^tf revealed that the 
rruriniurn nurnber^of genes .'requited for ' 
felicitation of the HrVby plaru-pathbgenic 
bacteria is- : carried" .on a DNA. fragment 

• about 2$ to 30 to in lengthy- a very, small 

. portion of the .bacterial genome, (which is - 
normally about 4,000.to 5.000 tt^ 
' DNA-DNA hybridization Studies indi- 
cate .that at least some , top genes art simi- 
lar among necrogchic ba^eria belonging to 
.different -genera. (P. syrvi?ai (jgt cmyio* 
venv Erwinia steward^ t» solanaaarum. 
and-X ea^«rff)(31). Recent. DNA 
sequence studies confirm that many Arp * 
genes cloned; from, diverse 7 glant-pacto-. 
gemc bacteria .are." homologous .(25.46). • 
Tbuav hrp genes appear to. be Uhivctsal - 
{•among diverse, necrosis-causing, .gram- 
' negadve'baoerial paibbgeas of planjts; • % 

Biochemical functions, 
of hrp Genes 

"""« The biochemical functions at hrp genes • 
have, remained ; <a puzzle until recently. 
DNA . sequencing has played a major role . 
in the determination o^ many ^ £trp 

. functions. As will be I discnssed, jnairy top . 
genes have- striking siimTarides wittigtaca 
of known .function; tfp« -2 shows the- 

. gene organization and. likely functions of. 
hrp genes of P. x. py: syrik$a*.(Zi). There 
areat Jeasi 25 top genes in this bacterium. 

' Based on DNA sequence : similarity. to other 

'.known genes and subsequent Wochemical 
and molecular " chaxaaerizarion, we. now 
know that hp' genes- have at least, three 
biochemical tactions:- gene- regulation, 
protein -secretion, and productjbn of HR 
.etidtor proteins. * 

• V Gene regulation. It was .discovered 
that top. genes either are not expressed or' 
ait expressed at very low levels (tt^ they 

•.make very low levels' of prpteto products) " 
when.tateria were grown In nurrienc rich 
bacteriological media, whereas they axe 
highly expressed when bacteria are b the 
interceffuiar space (apoplast) of plant tis- 
sues (HJ7/H,4M8,52J3).. What condi* 
tions-in planftissues induce the expression, 
of hrp genes,, and how. do bacteria detect' 
these inducing conditions? Unlike viruses*. 
rmnr^H, and ' many fungi, plant-patbo- - 
genie bacteria do not invade living plari 
ceils. Therefore, signal exchanges between, 
plant cells and bacaria must' cccur m (or 
through) the apoplast outside the plant ceiL 
A number of laboratories have observed 
that inductiohof P'syringae hrp genes 
could* be achieved by using artificial 



. minimi media lacking complex nitrogen 
nutrients* indicating that lade of nutrients 
in -the plant apoplast maybe foe signal for. 
the induction of hrp. genes (25 J7 
Specific compounds .(eg* sucrose- and 
sulfur-containing amino acids) present in 
the plant apoplast may also serve as signals 
for the induction of X c pv. vesieatoria* 
hrp genes (41). The induction of hrp genes 
in the nutrient-poor pfant apoplast or in 
.artificial minimal mafia indicates -that hrp 
genes mayr' be involved in bacterial 
' nuaidon in plana. 

.. . How do bacteria sense the plant apoplast 
environment? & was found that at least 
three of the 25 top, gene products are 
Involved iri detection' of the apoplast eavn 
ronment by P. syrin^ac hpL hrpS, and 
hrpR {18,51; Rg. 2), The. top$ and hrpR 
are among; Ae first two. hp genes to be 
expressed once bac^ria .enter plant tissues 
(51,52). It has been hypothesized that the 
HrpS and HrpR proteins, once produced, 
bind to the '^promoter* sequence of the 
HrpL gene to. "promote* the production of 
the HrpL. protein (51). Once the HrpL 
protein Is produced,.!* activaies promoters 
of other hrp genes and some bacterial 
avirulence- (avr; genes.-, which . determine 
gene-for-gCae interactions between bacte- 
ria and plants aSJjSJMWl; Fig. 3), Net 
alj bacterial ir genes are regulated by Hrp 
genes (30), Interestingly, hrpS and hrpR 



are similar b sequence to i family f bac- • 
teriai proteins that regulate genes involved 
tn diverse metabolic- functions; including 
genes involved in nutrient transport and 
metabolism OW1). The sequence simi- 
larity of hrpS and hrpR with gene regulav 
tors involved in nutrition appears to sup. 
port* the hypothesis thai top genes are 
involved in bacterial nutrition in the mitri- 
. cni-poor plant apoplast This hypothesis Is 
further supported by the observation that 
the expression of top .genes can be turned 
off by complex nitrogen sources, tricar- 
boxylic acid cycle intermediates, high 
osmolality, and neutral pH,. some of which 
are. characteristic of rich bacterial' media 
(2537,41,46^53). . . . 

An hrpS homolog has been found In a 
very different bacterium, Kamylovore (Si ' 
V. Beex; personal communication). In P m 
solanocutrum, a different top gene (hrpB) 
was fpund to be involved hi the detection: 
of the plant apoplast (15)/n»is, different. 

• bacteria may or may not use the same 
mechanism to detect the apparently similar 
environment in die plant apoplast . 

• Protein secretion. Ope surprising 
finding from the sequence 'analysis of hrp 
genes. was that many top. genes show 
striking similarities to those. Involved in the 
secretion of proteinaceoaa virulence factors 
in human and animal pathogenic bacteria 
(lU^,^ Most.plant^athbgenic 
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Rg.X Diagram of inplecular technique commonly used In the cloning of hrp genes. 
A wUdrtypa bacterium Is mutagenlxod by random Insertion of a transposon (Tn) Into 
Its genome. When a transposon Inserts Into a witcRype hrp gene (in red), It physically 
dUrupta the hep gent (In green). The tianspoeer^naerted top gene cannot produce a 
Tuncttcnei product and the resuming bacterium Is called e hrp mutant The hrp mutant 
ran.no longer irduee.the hyperatnsltive responae (HR) in reeiatant plants or cause 
^ncwiseJn^uac^jtibl j?«an!s, 7<. to «at^ (oSene) the top g ne Idantffled by traneposon 
mutws^ioste. g^nt- itorary '* establlshecr by Inserting pieces of the wild-type 
IFIA Intr a tioning vector (Indicated by a circle). The vector carrying foreign 
wttA Inserts {ncomblnem vector) M then Introduced into the hrp mutant If a 
rwwrJrtnent vector nappens to carry a wttcHype copy of the mutated'top g ne, ft will 
xfoooc? a functional hrp gene product lacking In the hrp mutant, thus recovering tn 
abairy d th mutant to Induce the HA In resistant plants and to cause disease In 
suacspttoW plants.. The top mutant phenotype is therefore complemented by this 
fecofli&n!** vecta 
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* bacteria chat .cause necrosis are gram- 
negative, that is, they have two ceil 
membranes enveloping the cytoplasm. For 
any large molecule (eg., a protein) to go 
through a lipid membrane, a special reac- 
tion apparatus or channel' composed- cf 
many proteins must be assembled across 
both cell membranes. Gram-negative plant ' 
pathogenic bacteria are known to make 
several types of secretion apparatus. For 
example, Erwiida chysanzktmi, a baas 
rium that causes soft rot, makes one type o f 
secretion apparatus' for proteases and 
another lor plant cell wan-degrading -en* 
zymes (21*39). Botfr . types of secretion 
apparatus ire widely, conserved among 

• many other bacteria, including human 
pathogens such as £ coif and Psetdth. 
manias aeruginosa (21,39). The hrp genes 
were found to specify a rJurtf;type of se- • 
credon. apparatus, the, Hrp secretion appa- 

. rams, which appears to be similar to tte 
one discovered in -several human-patho- 

. genfe bacteria, -including Yersinia spp. 
(12,37 A39^o\- Interestingly, although . 
the regulatory hrp genes in different bac*. 

: teria may be different (hrp&'hrpR, and 
hrpL hi R syringae versus krpByn R sola* 
nacearum\ most hrp genes involved in the 

. assembly of the Hrp secretion, apparatus 
are similar among <£ verse . plant-pathogenic 
bacteria. Tbk ' suggests that although 

' different bacteria, may - detect the plant 
apopiast environment ^ their own unique 

. ways, they nevertheless produce* similar 

. .types of prcrtein secretion apparatus.; -' 

. ? 3. ;Prodnction of ;cliritor. proteins. The? 

;^cii3covery of the novel ^ 'seOTnoiiappa- : ., 



rsuu rased an immediate question: What 
are the proteins that traverse it? Since hrp 
genes are essentia! for bacteria; both to 
elide the plant HR <md to cause disease, it 
was expected dtai some of the proteins that 
traverse the Hrp secretion apparatus may 
be elicitozs of plant HR and chat others . 
may bc-involved in. causing necrosis during 
pathogenesis. Wei et al.<47) fint provided : 
evidence that one of the £ amyfavorp hrp 
genes (A^V) encode; a-'protcunaceous 
^tor.OjarpinX'Hsrpin elicits HR &w&£ 
when. ..injected " hao tie . apoplast of ^ 
apptopriare plasss (fly Although no hrpN 
gene horoolog could be/found in R 
*ym%e&-.. .another*; jproteinaceous ^ HR 
.Nestor CarpinftP was identified and was : 
shown to be;, encoded by. a different hrp 
gene, hrpZ aWQ/rWertnoft, narpini* V ,: 
*u the Stoc^ceflulaVprotri^ 
t*>Cttcte<Hia ito Hrp secretion apparatus i 
{20* ioS^bscscriaJ protein eKcitor of the*:? 
HR ww identified in' P. solanacearwn and": 
was rcscd PopAl,(2);;^'£.<imy^m^ 
harpin, Ripy. syringae 61..riarpin nsi ' and-? 
R solariace&rum PqpAJ^al though largely Y. 
dissimilar ; ill, -primary :jeojiepc^ 'sr^f 
^similar properties that irjay -be* important la 
jWr HR ejldtor acdvities-vThey^ate iiil 
Jcat sab^ glycine rich,* and hydrspWHc. 
Hoinqk^s-cf £ emyfeve/o hatpin and Ax 
pv.r *ywig&:tl^ harping have, been 
jdeati^ed.'irr other pathogenic strains that / 
beteog tr> the geniis '£>mnfc- aid ; thtff 
fpeces syringae, respectivdy (450).| 
Thus, it least three proteins that traverse 
the tho secretion apparatus of three | 
diverse bacteria elidt the HR.-- . . ' 



The S^Sreh for Proteins 

that Traverse the Hrp Apparatus 

As mentioned earlier; bacterial mutants 
defective in the Hrp accretion apparatus are 
unable to elicit the HRin resistant plaxua 
and to cause diseaae m. susceptible plants. 
The question is, how many proteins ate 
secreted via the Htp secretion apparatus? If 
' harpins and PopA axe the only proteins that 
traverse the Hrp secretion apparatus, then' 
mutations, in the genes that make harpins 
and PopA would also eliminate the ability 
Of bacteria w elicit the.HR fa. resistant 
plants and to cause disease in boat plants. 
However, jf -there are other riatHogenicity. 
or HR-celated proteins secreted Ma the Hrp 
apparatus, mutations .fa only harpin- or 
PopA^ehcodfag genes* would not com- 
pletely abolish the ability of bacteria to'- 
ehdt the.HR in resistant plants or to cause 
disease in host plants. Wd et aL (47) 
reported that mutations in the; gene coding . 
for .harpin of £ amykvon destroyed the 
aWUry of the bacteria both to trigger the 
HR .in resistant nonhost tobacco and to 
cause disease * to susceptible pear fruits. 
Mutations in the gene coding for tepfaiu* 
of fi- ehrysanthetni prevented the bacter- 
ium from triggering .the HR In the nonhost 
tobacco and reduced the ability of the 
bacterium to initiate disease lesions in host 
plants .(4), In the case of barpin*, of R ' 
syringae, mutation analysis has-' been 
complicated by the complex gene structure 
and organization surrounding 1 die hrpZ 
gene. Conclusive data regarding the' role of *. 
harping In plant-P. syringae interactions 
are yet to be shbwri PopAl wasi shown to 
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• Hg. 2. hrp genes of Psaudomeaas syringae- There ere et least 85 h/ji genes [hrpA to h/p2) In P. syringae. hrpS, HrpR, and hnL rtn • 
y»ilow) an Involved in the detection of the plant eeo$iast environment and In th« activati n of all other hrp genes, avr gems, and 
possibly ther pathogenlcfty-r lated genes. Most OJ*er hr; genes (In »d) are involved in ttie assembly of the Hrp secretion woara- 
tus in the bacterial env lops, through which travels a ne*1y discovered class f bacterial viruiehcc/avirulence prat Ins (in gracn), 



Including HrpZ 



b& dispensable- for pathogenicity of R 
solanactarum in the susceptible host plant, 
tomato, or for HR eiicitation in the nonhost 
• plant, tobacco (2), indicating that there 
must be other HR-clicitors and patho- 
genicity factors (hat traverse the Hip 
•secretion apparatus in this bacterium* 
. Further examination indicated that PopAl 
may function as an a virulence gene, me- 
diating gene-for-genc interaction in certain 
Peami»-£ solmactamm interacoons (2,45). t 
Thus, the Hrp secretion apparatus in each • 
bacterium may secrete a different number' 
of proteins. Identification of other proteins 
.that traverse the Hrp secretion apparatus Is 
. now an active rescareharea ind is essential 
for. a complete understanding o(hrp-mcr 
diated plam-baaeriaf inreractipns. 

~ Factors Modifying hrp 

. Gene-Mediated Compatibility 

Two broad classes. of bacterial genes"- 
may superimpose their functions on the hp • 
gene-mediated compatibility or incompac-. ' 
tbtlity between, plants and bacteria: avr ' 
genes and varices virulence genes. .The avr. 
genes mediate * gcoocypc-spedfic incomp^y 
ibfljcy in resistant host plants* .Virulence' 
genes promote the production of. disease • 
symptoms and tre usually needed for the 
full virulence of bacteria. 

Bacterial aw. Geoes 

Flor .(14) ' formulated the gene-fap-geae * 
hypothesis in his work on flax-flax rust 
interactions, Flor hypocbesized. thai the 
resistance of a given flax .culdvar to a 
given fungal race is the result of the inter- 
action between a fungal -avr. gene. and a 
corresponding flax resistance gene. There- 
fore,, the interactions between the plant's . ' 
. resistance genes and the pathogen's avr .. 
genes .would limit the host-range of the. . 
pathogen.- Staskawfc* et aL . (44) fiat . 
cloned- ah avr gene from a soybean bacte- 
rial pathogen,. Puudamonas syringam pvi 
Sfycinta, and showed that the cloned, avr'* ' 
gene could convert virulent.?, "x pv. sfy- 
diua strains that, cause. disease iiuo aviru- 
lcnt strain? thai elicit die HR ; in certain. \ 
soybean caltivars canying the cotrespond- ./ 
ing resistance' genes, thus validating .the' f 
role pf avr genes In conooOlng host'nmge, 
• Since, then, numerous genes hfrve'be« * 
cloned fftmplanfcp^ ffl). • • 

Several -plant- resistance, genes -.have Usq . 
been cloned * using:, .molecular ' generic' 
approaches (elg^ 34,43V . 

What is theTtlanooship between the-ow 
genes and hp. genes, both of; which jut ■ 
involved in eliciting the HR? Several labo- 
ratories have observed that avr vgenes can- 
not trigger the genotype-specific HRinfop • 
mutants, / Le., * avr genes depend- on 
functional hrp genes for expressing their • 
phenotype (25^6^8*33.40), ' Hwre .are 
several ways of explaining: such depend- 
ence (Fig. 4). One possibility is that Avr 
proteins art dependent on. the Hrp secre* 
don apparatus for secretion. Alternatively, 
Avr function requires a prior plant response 



elicited by the A^controlled extracellular 
factors (such as. harpins). A third possi- 
bility is that Avr proteins, with no HR- 
eliciting activity by themselves, cause the 
culnvar-specific HR by. either covalentfy^ 
modifying harpins -of * modulating the 
expression of harpins in a plant resistance 
gene-dependent manner yet. to be understood* 
Finally, ft Is also-possible that Avr proteins' 
. are secreted directly into the plant ceO with 
the help of harpins,; assuming that receptors 
' forAvT proteins.'to -inside the plant cell- 
Studies are. being. carried out to resolve 
ihese'pottibtBties. - • * 

Bacteria! Virulcace Factorti ; 

. The : genedc * diversity of plant-patfp. 
genie bacteria is reflected in their abUfty to . 

".cause diverse disease "symptoms' rangwjf 
from', soft -rot- to; tissue' necrosis to 

; ^Wdfire." These Averse, disease svmp- - 
toms are Iflceiy the resuh of the. action of 
several* sometimes .unique,' virulence fac- 
tors produced, by a given ' bacterium in 

•addition top-controlled pathogenicity 
.i • . ■ ■ • ■ , 

plant apbplast. signals 



factors. For example, research from many 
.laboratones.has shown that toxin produc- 
tion plays an importance in the forma- 
hoo. of chlorosis- and necrosis G 19aq\ 

wived ia the formation of water-soaJdn» 
lesions 01,13); and in the production of. 
wfltayrapwms'iby' dogging the plant vas- 
cular system (9). plant cell wail-S^^ 
«izyme$ ire responsible for fiisue disinte- 
Station and the appearance of the soft-nx 
symptom (7). Plant, hormones produced bv • 
planr-pattegenic bacteria are involved to 
the iinducnonpf tissue deformation eft. 

. . BcuYfep genes .led. bacterial virulence 
factors are necessary for disease symptom 
production,: but what is &e. reUdonshto 
betw«a Shem? A tos&l leWotahto 
would be.that fejHwntroUed extraceQnUr 
factors are involved in obtaining nutrients 

. yearly stages' of pathogenesis, whereas 
.other virulence factors drive the initial 
compatible stage into a fully compatible 
•one.' leading tolthe production of ^anouf. 
;«aease synqwani.. At lew two" lines of 



plant apoplast. 
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. step 1 (expression of hrpS ind hrpR) 



promoter. 



j~ W3r- • *t'ep 2 (expression of krpl) 




promoter 



step 3 (expression of : 
all other hrp genes, 
avr. genes, and other 
• ». patnogenicky-related 

Rg. 3. Diagram trfiht algnal transduction cascade In the detaenen of the plant' 
apoplast environment by Psiutiomonas syringa* The plant ap plant environmant 
{llmft^.nunlenta and'or certain^ e mpoonda) aetrSthS ix^^J]$S 
and ttrpfi by a mechanism yet to be understeed (step 1V The hnS and hraH eene 
f* »«d «. actively) btad to end a«rva^a Wnc^ Si hrpL f« 

(atop ZX The hrpL gene product (U), in tarn, binds to prom ten of that hrp gene* avr 
gen*, add othfe? beettrial pathogenlclr^lataid gen a to promote m «xarw3ion of 

M^fT^ r ^ uf?J " 9 " *?? inma0on 01 Ptant-becteria Infraction* (step 3). 

>.«rufnect rrorn Xiao et at (51).. ; 
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'evidence seem to support this relationship. 
Fiat, krp genes ate highly.. conserved 
.among diverse ptaiu-pathogentc bacteria, 
whereas virulence factors vary -greatly 
among bacteria. Second, while mutarions 
in the hp gene completely ' abolish bods 
bacterial pathogenicity and clicitarion of 
the HR, mutations in virulence genes (eg., 
toxin-produ^bn, geaes) : often do not 
eliminate pathogerdoty and have no effect 
pn bacterial eliritatfon of the HR (3,15,49). 



Model! 



hrp <3ene Functions . 
and Disease Management 

A major reason for. discovering bacterial 
.arid plant factors -critical for.' bacterial 
pathogenesis and plant resistance is to 
develop novel and environmentally safe 
strategies- for controlling, plant , diseases, 
the discovery that the iirp secretion appa» 
rahis is crucial to bacterial pathogenesis 
provides a foundation for designing, novel . 
chemicals and antibodies tha{ would block 

. ... i * 
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the assembly of the Hrp secretion appara- 
tus or the passage of bacterial viruieoce 
proteins through it Alternatively, suscep- 
tible crbp* plants could be genetically engi- 
neered with genes encoding proteinaceous 
HR cliciton, such as harpins, under the 
control of plant promoters inducible by 
virulent pathogens. If d&s approach were 
. successful, the HR or resistance would be 
triggered in otherwise compatible interac- 
tions, Urnitingdiaease developirienL 
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Rg. 4, Working mode la for possible Interactions bctW*i txp genes and avr gents. 
Modal is Ayr signals (Avr proteins or their enzymatic products) are secreted through » 
th Hrp a* cretfon apparatus to elicit the hypersensitive- response (HR) and resistance. 
Modal 2: Harpins' and Avr signals modify each othv before interacting with plant rav 
flOP*?* Avrsrignalaimay or msy not bo secreted \1a fro Hrp secretion ippmtte*. 
Mod I 3: Harpins and. Avr signals Interact, wit* respective* plant receptors. Plant re* 
spena allotted by harpins must precede plant response elicited by Avr signals, Avr 
signals may or may not be secreted via th . Hrp secretion apparatus. Model 4: Avr 
proteins are secreted Into the plant call witft the help of harpins, Avr signals may or 
may not be secreted via the Hrp secretion -apparatus^ In rn dels 1 to 3, "receptors for 
Avr proteins are presumed to be on the plant ceil surface. In model 4, receptors for 
Avr proteins are inside the plant cefl. 
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Mutants of the soft-rot pathogen Erwinia chrysanthemi 
EC16 that are deficient in the production of the pectate 
lyase isozymes PelABCE can elicit the hypersensitive 
response (HR) in tobacco leaves. The hrpNz* gene was 
identified in a collection of cosmids carrying JSL chry- 
santhemi hrp genes by its hybridization with the Erwinia 
amylovora hrpNu ^TP^uk appears to be in a 

monodstronic operon, and it encodes a predicted protein 
of 340 amino acids that is glydne-rich, lacking in cysteine, 
and highly similar to HrpN* in its C-tenninal halt 
Escherichia coli DH5a cells expressing hrpN&k from the 
lac promoter of pBluesaript II accumulated HrpN^ in 
inclusion bodies. The protein was readily purified from 
cell lysates carrying these inclusion bodies by solubili- 
zation in 4.5 M guanidine-HCl and repredpitation upon 
dialysis against dilute buffer. HrpN^ suspensions elicited 
a typical HR in tobacco leaves, and e lid tor activity was 
heat-stable. TnS-gusAl mutations were introduced into 
the doned hrpN&n and then marker-exchanged into the 
genomes of EL chrysanthemi strains AC4150 (wild type), 
CUCPB500$ (ApelAECE\ and CUCPB5030 (ApelAJBCE 
cutDnlnphoA). hrpNza : zTnS-gusAI muUtions in 
CUCPB5006 abolished the ability of the bacterium to 
elicit the HR in tobacco leaves unless complemented with 
an hrpNick subdone. An hrpN^ : : TnS-gusAI mutation 
also reduced the ability of A C4 150 to indte infections in 
wid oof chicory leaves, but it did not reduce the size of le- 
sions that did develop. Purified HrpN^ and £ chry* 
santhemi strains CUCPB5006 and CUCPB5030 elidted 
HR-like necrosis in leaves of tomato, pepper, African vio- 
let, petunia, and pelargonium, whereas hrpNsdk mutants 
did not HrpN^ thus appears to be the only HR elidtor 
produced by £ chrysanthemi EC16, and it contributes to 
the pathogenidty of the bacterium in witloof chicory. 



The hypersensitive response (HR) is a rapid, localized ne- 
crosis that is associated with the active defense of plants 
against many pathogens (Kiraly 1980; Klement 1982). The 
HR elidted by bacteria is readily observed as a tissue collapse 
if high concentrations (£10 7 cells per milliliter) of a limited- 
host-range pathogen like Pscudomonas syringae or Erwinia 
amylovora are infiltrated into leaves of nonhost plants (lie- 
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crosis occurs only in isolated plant cells at lower levels of 
inoculum) (Klement 1963; Klement ex al 1964; Turner and 
Novacky 1974; Klement 1982). The capacities to elidt the 
HR in a nonhost and to be pathogenic in a host appear linked 
As noted by Klement (1982), these pathogens also cause 
physiologically similar, albeit delayed, necroses in their inter- 
actions with compatible hosts. Furthermore, the ability to 
produce the HR or pathogenesis is dependent on a common 
set of genes, denoted hrp (Lindgren et aL 1986; Willis et aL 
1991). Consequently, the HR may hold clues to both the na- 
ture of plant defense and the basis for bacterial pathogenicity. 

The hrp genes are widespread in gtam-negative plant patho- 
gens, where they are clustered, conserved, and in some cases 
interchangeable (Willis et aL 1991; Bonas 1994). Several hrp 
genes encode components of a protein secretion pathway 
similar to one used by Yersinia, Shigella, and Salmonella spp. 
to secrete proteins essential in animal diseases (Van Gijsegem 
et aL 1993). In £ amylovora. P. syringae, and P. solana- 
cearum, hrp genes have been shown to control the production 
and secretion of glycine-rich protein elidtors of the HR (He 
etaL 1993; WeiandBeer 1993; Ariateiot 1994). 

The first of these proteins was discovered in £ amylovora 
Ea321, a bacterium that causes fire blight of rosaceous plants, 
and was designated haipin (Wei etaL 1992). Mutations in the 
encoding hrpN gene revealed that haipin is required for £ am- 
ylovora to elidt the HR in nonhost '"Ntcco leaves and indte 
disease symptoms in highly susceptible pear fruit The P. 
solanacearum G Ml 1000 PopAl protdn has similar physical 
properties and also elicits the HR in leaves of tobacco, which 
is not a host of that strain (Aria et aL 1994). However, P. sol- 
anacearum popA mutants still elidt the HR in tobacco and in- 
cite disease in tomato. Thus, the role of these glycine-rich HR 
elidtors can vary widely among gram-negative plant pathogens. 

£ chrysanthemi is unlike the bacterial pathogens that typi- 
cally elicit the HR because it has a wide host range, rapidly 
kills and macerates host tissues, and secretes several isozymes 
of die macerating enzyme pectate lyase (Pel) (B arras et aL 
1994). Nevertheless, PelABCE* and Our (pectic enzyme se- 
cretion pathway) mutants of £ chrysanthemi EC16 cause a 
typical HR (Bauer et aL 1994). Furthermore, elicitation of the 
HR by £ chrysanthemi is dependent on an hrp gene that is 
conserved in £ amylovora and P. syringae and functions in 
the secretion of the £ amylovora harpin (Wei and Beer 1993; 
Bauer et aL 1994). Mutation of this gene significantly reduces 
the ability of £ chrysanthemi to indte lesions in susceptible 
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witloof chicory leaves. These observations suggest that £ 
chrysanthcmi also produces a haipin. We report here the 
cloning, characterization, and mutagenesis of the £ 
chrysanxhemi hrpN^ gene and an investigation of the role of 
its product in plant interactions. 

RESULTS 

Molecular cloning of the £ chrysanthemi hrpNi* genel 

We previously isolated 18 cosmids containing £ chrysan- 
thcmi DNA sequences hybridizing with the £1 amylovora hrp 
cluster (Bauer ct aL 1994). The pattern of restriction fragments 
released from these cosmids indicated they all contained 
overlapping inserts from die same region of the £ chrysan* 
themi genome (data not shown). The cosmids were probed in 
colony blots with a U-kb HindUl fragment from pCPP1084, 

1 AATCA CC JLAA CCAAATTATCCAAATTACCATCfcAACCCCAC^l CCCCCGTCATTTCOSCC 
„ fl t T T * a g I fi C 0 L C 

■» 

<i TCT CCCCT CTCCCC l ll CC I CCT C A CCCACICAAAP^ twATCCC 
VSGICLCAQCLKCLHSAASS 

121 I UA . H tC ACaTTtXATAAACrCACCACCACCATCCATAACTTCAU, 1 CCCCCC TCACTT 
LCSSVOKtSSTlOKLTSALT 

til CCATCATCI 1 rCCCCC OCCCCt CCCeC A C OOCCI CCCCCC CACCTCCAAOOOCCIOOCCA 
SHHFCCALAQCLGASSK6LC 

JAi TGACCAATCAACTCCCCCAl illll U^X^ATC<XCCCCACCCTC(XACCAACCTCCtAT 
KSIQLCQSrCHCAQCAlWLL 

JOl CCCXACCCAAATCCCCCCCCCATCOCTTCTCAAAAATCTTTCATAAAM 

SVfKSCCDALSKNrDKAl.DO 

«1 TCCTTOTCATCACACCCTCACCAACCTCACTAACCACA C ^ 

LLCHDTVTKtTIQS H Q L A H S 

4 >- 439 :;Tn5 -gtt*U 
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i t i a M « t.Q • i i i a r m n, i 
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lALSSlLCICLCQSMSerS.Q 
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541 CTTCICTO»XXACCCCCCTTCCAC^ 

PSLCACCLQCLSCACArHQt 

401 CTMTCCCATCCCCATCCCCCTCOOCCACAATCCT CCCC I CA CAUU#11LACTAA 

G H A ICMCVCQiAALS ALSH V 

66 i ccACCCACGTACAMCTAACAACCCCCACTTrCTAGATAAACA 

STHVDGRItarVDKKDaCMA 

721 AACACATCCCCCACTTTATGCATCACTATCCCCAAATAI 1 l^TAAACCCCAATACCACA 
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711 AACATCCCTt»USTCCCCCAACACCCAO 

KOCVSSrKTDDKSVAKALSK- 
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iaHaicccc iiu 



Fig. 1. DNA sequence of A/pAfe* and predicted amino add sequence of 
its product Underlined are Che putative riboso roe-binding si te, the N- 
icrminal amino acids confirmed by sequencing the product of pCPP2l72, 
and a potential rho- independent transcription terminator. The location 
and orientation of two Tn5-gusAl insertions are also indicated and are 
numbered according to their location in the hrpN^ open reading f 
The accession number for hrpN is L39897. 



which contains the EL amylovora hrpN gene (Wei ef aL 
1992). pCPP2l57, one of the three cosmids hybridizing with 
the probe, was digested with several restriction enzymes* and 
the location of the hrpN^ gene in those fragments was deter* 
mined by probing a Southern blot with the E. amylovora 
HindEL fragment Two fragments, each containing the entire 
hrpNta, gene, were subdbned into different vectors: 
pCPP2142 contained an 8.3-kb Sail fragment in pUC119 
(Vieira and Messing 1987), and pCPP2141 contained a 3.1-kb 
Pstl fragment in pBluescript II SK(-) (Stratagene, La J Ha, 
CA). 

Sequence of hrpN^ 

The nucleotide sequence of a 2.4-kb region of pCPP2141 
encompassing hrpN^ was determined. The portion of that se- 
quence extending from the putative ribosome-bincfing site 
through the hrpN^ coding sequence to a putative rho-inde- 
pendent terminator is presented in Hgure 1. The typical ribo- 
some-binding site, consisting of GGAAA, was located eight 
bases upstream of the ATQ translations! initiation codon. A 
consensus hrp promoter sequence of GGAACC(N) nCACTCA 
(Bonas 1994) was found 97 bases upstream of die open 
reading frame (ORF), suggesting that hrpNg* is a 
monocistronic operon» A/p/Vu codes for a predi ct ed protein 
that has a molecular mass of 34 3 kDa. is rich in glycine 
(16.2%), and is lacking in cysteine. Comparison of die amino 
add sequences of the predicted hrpNu and A/p/V u products 
revealed extensive similarity, particularly in the C-tenninal 
halves of the proteins (Fig. 2). Use overall identity of the 

Eeh MOJTlKAHXCCDUTOClXrLCAO^U^ 42 

. I:. III. I -II II- 

U MSUrrSCLCASTMQtSICCaCCina^LCTSa^ 49 
Ech SSTIDiaTSAUSMKF...!...CCAlAQCl£AS.Sn^^ 

e kdt^iaciItck^ 99 

Cch NCAQC. .ASNU^VFl^(^AU101FDlUa£inJUB U7 

La NAUTOKLroSUlKcSKGCm 149* 

Cch HBTVTKLTNQSKQtAltSKlJKaS • • ! QMTQCKKHAIC 150 

|.: .| . .:: I |:|: ||: 

• • Ea STSDSSDl^LUCKI3£IHQSLFCDOQD(npCSSSCCKQ 199 
Ech SCVHHALSSIUCNCIXQSKS ! . . . .CTSQPSLCACCUJCU 1*6 

.||.:|i|:::|IH:| :: | z — III- II. Ill 

U KC?rnM£CU\mGl£QUJZHCG^^ 249 
Ech CACAnK3IjCNAICHCW3HAAiSAlS^ 236 

|s..s.|||||s| |:l .|:s ll.snll -«-l IMIMIMIII m 

Im C^YQQLCHAVCTCIO«AGIQAUa)ICTHRHSSTBSr^ 299 
Ech ICQFMDCrrTEirCKPEYQKDCVSSPOTDKSVAKAl^ 216 

-Ilflltlll|:||ll:nt:. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -1 1 1 : 

La ICQraDQYPEVFCKI^YQIXPCQEVKrDDKSVAKAliKPDDDCKTPAM 349 
Ech lOTWCKUUAVAGima^ 336 

.|..MIII.::|||II|.||: • I- 

Ea Q Fm(AXiCKI KRPHACDTCHCH1H . .DAVPWULUVUff... 3SS 

Ech LAMA 340 



Fig. 2. Predicted amino acid sequences f the hrpN products. HrpNo* 
(Ech) f Erwinia chrysanihemi and HrpN & (Ea) of £. cm ytowW 
aligned by the Gap program of the Generics Computer Group Sequence 
Analysis Software Package (Devereanx er aL 1984). Two dots < J 
greater similarity than one dot 
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hroN Ecncs and proteins was 66.9 and 453%. as detcnnined 
StoSSS aSd Gap algoritorcspeoivdy (Devctem 
etaL 1984; Pearson and Lipman 1988). 
The direction of hrpN* transcription, the size of the 
, -mHuct. and the translation start site were con- 
n^ySnSg^3.1- k b ft rI fa gn^f ro mp S 57 

SE selecting a clone with the J^^P? 1 ^" 
SKM in the opposite orientation from pCPP2141. to produce 
JiwKZcoli DH5o(pCPP2172) expressed hrpN** from 
5^SoT£ promoter and produced high levels of a protem 
w?th ^tinuJed molecular mass of 36 kDa in sodium dode- 
S 1 sSS S» polyacrylamide gels, which is c ose to the 
SflSte (Hg. 3^ Furthermore, the 10 Nominal ammo 
K the 36-kDa protein, determined by nucroscqucncmg 
Slowing purification as described below, corresponded with 
™ 3£d N terminus of HrpN«. As expected, no H- 
terminal signal sequence for targeting j to the gcncralexpon 
Swthway was discernible in the HrpN« sequence, and 
L ffld no evidence of processing of theN teruunus. 

Purification of the hrpN^ product 
anddmonstration of its HR elidtor activity in tobacco. 

mrSSaJ»CPP2172) cells were disrupted by somca- 
tionaS Sen ce^fuged. most of me HrpN„ .protem 
Sted with the cell debris. However « luble . H f ( . N «^ 
STrcleased from this material by treatment with 4 J M guani- 
Tto suggested that the protein formed inclusion 
S whid^coSdbe exploited for purification. As detailed 
nSSf and Methods, we found that HrpN„ legKg 
SJTwhen the guanidine-Ha was removed by dialysis 

Sd Suspended in buffet in which it formed a fine suspen- 
*». SDS polyacrylamide gel analysis ^^^^ 

^^^^^^^ 
. pSn fLS3«Ml medium were infiltrated into tobacco 



leaves- Necrosis typical of the HR developed within 18 h, 
whereas leaf panels infiltrated with identically prepared 
lysaies of DH5a(pBluescript SK-) showed no response (data 
not shown). The suspension 1 of purified HrpNfie* at a concen- 
tration of 336 ng/ml also caused a necrotic response within 
18 h that was indistinguishable from that caused* by £ chry- 
santhemi CUCBP5030 or cell-free lysates from E coll 
DH5a(pCPP2172) (Fig. 4). Tobacco plants vary in their sen- 
sitivity to harpins, and elicitation of the HR by HrpN** * 
lower concentrations was found to be variable. Consequently, 
a concentration of 336 ug/ml was used in all subsequent .ex- 
periments. The concentration of HrpNi* thai is soluble in 
apoplastic fluids is unknown. Tb determine the heat stability 
of ftp!***, the suspension of purified protein was incubated 
at 100 s C for 15 min and then infiltrated into a tobacco leaf. 
There was no apparent diminution in its ability to didt the 
HR (data not shown). These observations indicated that 
Hip!*** is sufficient to account for the ability of £ chrysan- 
themi to elicit the HR in tobacco. 

hrpNgck mutants fafl to elicit the HR in tobacco. 

£ coll DH10B(pCPP2142) was mutagenized with Tn> 
iUS Al (Sharma and Signer 1990). Plasmid DNA was isolated 



95.5 — 

56.0 — 
43.0 — 

36A.- 

29.2 — 

18.4 — 

12.5 — 



Ft*. 3 Sodium dodecyl sulfate (SDS) poiyaciyianude gd of punfied 
iStod was solubilized in SDS loading buff* dec- 

S«2tou*a 12% polyaoylamide gel and stained with Coo- 
A ^3lS Blue. Lane I/ molecular weight markers (midwange 
^ ^versified Biotech, Boston, MA), with sizes in bio- 
daitons shown to the left: lane 2, HrpN^. 




Fig. 4. Response f tobacco leaf tissue to purified HrpN«. Leaf i^^l 
was infiltrated with a suspension f purified HrpNc* at * ~ n ? n 5~I^ 
of 336 ug/ml in 5 mM moipholinocthanesulronic acid, pH JJrr* 
was infiltrated with buffer alone. The tissue in panel i collapsed law 
later, The leaf was photographed. 24 hr after Infiltraiion, with • cm*- 
polarize* transUluminator, which enhances black and white visuah^ttOT 
by making necrotic desiccated areas that are typical of the hypetscnsi- 
tivc response appear black. 
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from-kanamycin-resistant colonies and transformed into £ 
coU DH5a, with selection for kanamycin resistance. Plasmids 
containing TaS-gusAl were analyzed by restriction mapping. 
Two independent insertions in an 0.82-kb C/al fragment in- 
ternal to hrpNe* were chosen for further study. The precise 
location and orientation f these insertions was determined by 
using a primer that hybridizes to Tn5-gwA/ DNA upstream 
of tusA to sequence into the disrupted £. chrysanthemi DNA 
(Fit 1). E.loli DH5<rfpCPP2142) celU canying the Ta5- 
gusAl insertion at nucleotide 439 of the hrpN* ORF (with 
gusA and hrpN^ in the same orientation) produced dark blue 
colonies indicative of ^glucuronidase activity on LM agar 
(Hanahan 1983) supplemented with 5-bromcHt-chloro-3- 
indolyl B-D-glucuronide (data not shown). Whether gusA was 
expressed from an E. chrysanthemi promoter or the vector lac 
promoter was not determined. The hrpN^&'.Xtf-gusAl 
and hrpN^Sv.TnS-gusAl mutations were marker- 
exchanged into the genome of £ chrysanthemi CUCPB5O06 
(apelABCE) to produce mutants CUCPB5046 and CUCPB- 
5045, respectively. Neither of the hrpNu, mutants ehctfsd a 
visible reaction in tobacco leaves (Fig. 5). 




£ chrysanthemi hrpN Et k mutations can be complemented 
in trans with hrpN&k but not with hrpNu. 

The presence of a typical rho-independent terminator just 
downstream of the hrpN^ ORF suggested that mutations in 
the gene would not have polar effects on any other genes and 
that the HR elicitation phenotype should be restored by an 
hrpNte subclone. Because pCPP2172 carried 2kb f £L chry- 
santhemi DNA in addition to hrpN&k. we constructed a pre- 
cise subclone of the gene for this purpose. Oligonucleotides 
were used to amplify the hrpN^ ORF by polymerase chain 
reaction and to introduce terminal Ncol and Xhol sites. The 
introduction of the restriction sites resulted in changing the 
second residue in the protein from glutamine to valine and 
adding a leucine and a glutamic acid residue to the C termi- 
nus. The resulting DNA fragment was li gated into Xhol* and 
Nco 1-digested pSE280, creating pCPP2174, in which hrpNs* 
was under control of the vector tac promoter: £L chrysanthemi 
CUCPB5045(pCPP2174) and CUCPB5046(pCPP2174) pos- 
sessed HR elicitor activity (Fig. 5). HR elicitor activity could 
also be restored to these mutants by pCPP2142 and 
pCPP2l72, but not by pCPP2141 (data not shown). Thus, the 
production of HrpN** is essential for elicitation of the HR by 
£ chrysanthemi CUCPB5006. 

The feasibility of testing the interchangeability of the hrpN 
genes of £ chrysanthemi and £1 amylovora was supported by 
the observation that HR elicitation activity could be restored 
to hrpN mutants in each species (£ chrysanthemi CUCPB- 
5045 and £ amylovora Ea321T5) by their respective hrpN* 
subclones (pCPP2142 and pCPP1084). pCPP2142 was used 
for this purpose because preliminary immunoblot experiments 
indicated that the level of hrpNech expression by this plasmid, 
though relatively high, most closely approximated the ex- 
pression of the native hrpN gene in £ amylovora. However; 
despite good heterologous expression of the hrpN genes,* HR 
elicitation activity was not restored in either £1 amylovora 
Ea32!T5(pCPP2142) or £ c/i/y5fl/tf/temi(pCPP1084) (data 
not shown). Thus, the genes do not appear to be functionally 
interchangeable. * 

£. chrysanthemi hrpNe* mutants have a reduced ability 
to incite lesions in witloof chicory. 

The hrpNtA4&:Xn5-&usAl mutation was marker-exchanged 
into the genome of wild-type strain AC4150. The resulting 
mutant, CUCPB5049, was analyzed for its virulence in 
witloof chicory. Leaves were inoculated at small wounds with 



Table 1. Effects of hrpiS^ mutation on the ability of Erwinia 
themi to incite lesions on witloof chicoty leaves 



Fig. 5. Tobacco leaf showing that Erwinla cAjtjohjW^i 
do not elicit the. hypersensitive response unless winple««ttd w» 
AipiY* pCPP2l74. Bacteria weir suspended at i concentranon or 5 x KT 
cdU per milliliter in 5 mM iwipholinoethanesiilfonic ^1*";™ 
infiltrated into a tobacco leaf. The leaf was photographed 24 hr later un- 
der cross-polarized transilluminanoiu as in Figure 4. 1, £ chrganOumt 
CUCPB5006 izpelABCE); 2. CUCPB5045 ttpelABCE 
TnS^usAl derivative of CUCPB5006); 3, CUCPB5045(pOT>2174); .4. 
buffer alone; 5, CUCPB5046 {apelABCE hrpN^S^.zTnS^usAl de- 
rivative ofCUCPB5006); 6. CUCPB5046\pCPP2174). 



Strain 



Number or lesions 
per 20 inoculations* 



Size of lesions 
(mm 1 , mean* SO)* 



AC4150 (wild type) 
CUCPB5049 
{hrpNg A 429:: 
Ttf-gusAl) 



16 



80*55 



89 ±42 



• Each witloof chicory leaf was inoculated at two equivalent sites with2 
x 10 4 bacterial cells: one sue received the hrpN^ mutant, the other the 
parental wife-type strain: lesions were indicated by browning and mac- 
eration around the site of inoculation. 

b Product of the length and width of the lesion. 

« Different from the wild-type strain {P < 0.05). as detenmned by me 
McNemar test (Conover 1980). 
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2 x 10 4 cells f mutant and wild-type strains, as previously 
described (Bauer it at 1994). The level of inoculum 
corresponded with the experimentally determined ED50 of the 
wild-type strain for the batch of chicory heads used The ap- 
proximate surface area of macerated lesions was determined 




Fig. 6. African violet leaves showing rapid necrosis elicited by HfpNj* 
and HrpN&ft Pel-deficient strains of Erwinia chrysanthemi Leaves were 
inoculated with bacteria at a concentration of 3 x 10* cells per milliliter 
in S mM morpholinoethanesulfonic acid, pH 6.5, or purified HrpNja 
at a concentration of 336 ug/ml and photographed 24 hr later under 
cross-polarized transillurninadon, as in Figure 4. Buffer controls elicited 
no visible response (not shown). 1, £ chrysanthemi CUCPB5006 
iupelABCE); 2, CUCPE5030 {outOnlnphoA derivative of CUCPB- 
50067; 3. HrpNfi*: 4, (left) CUCPB5045 l&pelABCE hr P N edt S46;: ' 
TaS^usAI derivative of CUCPB5006) and (right) CUCPB5063 
(apelABCE outDiiTnphaA nrpNgAMzxtttS-gusAl derivative of 
CUCPB5006X 



72 * ^JP^^.J^ mutations did not abolish the 
pathogenicity of £ (Arysanuhemi but they significantly re- 
duced the number of successful lesions (Table 1): However, 
the hrpNt* mutation had no significant effect on the size of * 
the lesions produced in successful injections. \ 

Elldtation of a rapid necrosis in several plants 
by £ chrysanthemi is dependent on HrpN^ 

To determine whether £ chrysanthemi could cause an 
HrpN w -dependent necrosis in plants other than tobacco, a 
variety of plants were instated with purified HrpNka or 
inoculated with Pel-deficient £ chrysanthemi strains. The 
strains used were CUCPB5006; its hrpM £ek S46::7n5'gusAI 
derivative, CUCPB5045; CUCPB5030 {LpelABCE otttDr. 
TnphQA);znditshrpN Etk 546i l T n s m g UsA j derivative, CUCPB- 
5063. The results for African violet axe shown in Figure 6, 
and results for all plants are summarized in Table 2. They 
yield several general observations. Plants responded either to 
both isolated HrpN^ and hrpHU bacteria or to neither. 
Plants that responded to either treatment produced a non- 
macerated, HR-like necrosis that developed between 12 and 
24 h after infiltration. hrpN^ mutants failed to elicit a re- 
sponse in any of the plants. The out mutation had no apparent 
influence on the responses elicited in the plants tested, indi- 
cating that residual Pel isozymes or other proteins traveling 
the Out pathway were not involved in producing the HR-like 
necrosis. The results argue that HrpN^ is the only elidtor of 
the HR produced by £ chrysanthemi. 

DISCUSSION 

£ chrysanthemi was found to produce a protein with many 
similarities to the harpin of £ amylovora. The two proteins 
share significant amino add sequence identity, similar physi- 
cal properties, and the ability to elicit the HR in a variety of 
plants. Mutations in the hrpNe* gene indicate that, as with £ 
amylovora, harpin production is required for elidtation of the 
HR. Furthermore, both hatpins contribute to bacterial patho- 
genicity, albeit to different degrees. HrpN* is essential for £ 
amylovora to produce symptoms in highly susceptible, im- 
mature pear fruit (Wei et aL 1992), whereas KipNw merely 
increases the frequency of successful £ chrysanthemi infec- 
tions in susceptible witloof chicory leaves. Nevertheless, the 
finding that hatpins play some role in the pathogenicity f 



Table 2. Elicitauon of necrosis in various plants by HrpN** and by Erwinia chrysanthemi strains variously deficient in Pel production and HrpN^pro- 



Plant 



CUCPB5006 
(npeUJtOS)' 



CUCPB5045 
(IptUBCE 
hrpN BA 546tt 



CUCPB5030 
{ApetABCB 
ovtDizTnphoA) 



CUCPB5063 
(tpelABCE 
outDzzTnphoA 
hrpN tA S46xx 
TaSfttrAi) 



Tobacco 
Tomato 
Pepper 

African violet 

Petunia 

Pelargonium 

Squash 

Sa nto 



+ 
+ 
♦ 
+ 
+ 



♦ 

+ . 



• Leaves on plants were infiJrrated with HrpN^ at a concentration of 336 Ug/ml and observed macroscopically 24 hr later for necrosis and collapse of 
the infiltrated area (+) or absence of any response (-). 7 hcotk* ™ w* 

* Leaves on plants were infiltrated with bacteria at a concentration of 5 x lOVml and scored for responses as described above. 
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such* disparate pathogens suggests thai these proteins have S 
conserved and widespread function in bacterial plant patho- 
genesis. We will consider below HrpN^ with regard to the 
protein secretion pathways, extracellular virulence proteins, 
and wide host range of £ chrysanthemL 

£ chrysanthemi secretes proteins by multiple, independent 
pathways. Several protease isozymes are secreted by the Sec- 
independent (ABC-transporter, or Type I) pathway; pectic 
enzymes and cellulase are secreted by the Sec-dependent 
(general secretion, or type II) pathway; and. HrpN^ is likely 
to be secreted by the Sec-independent Hrp (Type HI) pathway 
(Salmond 1994). The expectation that HrpN^ is secreted by 
the Hrp pathway is supported by several lines of indirect evi- 
dence: (i) Hrp secretion pathway mutants have revealed that 
other members of this class of glyctne-rich. heat-stable elici- 
tor proteins — the £ amylovora HrpNc R syringae pv. sy* 
ringae HrpZ, and P. solanacearum PopAl proteins — are se- 
creted by this pathway (He era! 1993: Wei and Beer 1993; 
Arlat et aL 1994); 00 mutation of the £ chrysanthemi homo- 
log of an £ amylovora gene involved in HrpNc secretion 
abolishes the ability of £ chrysanthemi to elicit the HR, 
whereas mutation of the Out (Type II) pathway of £ chry- 
santhemi does not abolish the HR; and (iii) HrpN^ appears 
to be the only HR elicitor produced by £ chrysanthemi (as 
discussed further below), suggesting that the effect of the pu- 

Table 3. Bacterial strains and plasmids used in this study 



tative hrp secretion gene mutation is on HrpN^Our attempts 
to directly demonstrate nrp-dependent secretion of HrpN 
have been thwarted by the apparent instability of the protein 
in £ chrysanthemL Using the ceil fractionation and immuno- 
blotting procedures of He et aL (1993) and polyclonal anti- 
HrpNfc antibodies that cross-react with HrpN^-CWd et aL 
1992), we have observed the.ptesence of HrpN to in the cell- 
bound fraction of £ chrysanthemi (D. W. Bauer; unpub- 
lished). However, some culture preparations «; :uxpcctedry 
lack the protein, and no preparations reveal accumulation of 
the protein in the culture supernatant fraction, k a possible 
that HrpN^a aggregates upon secretion and thereiore precipi- 
tates from the medium. It is interesting that several of the 
Yersinia spp. Yop virulence proteins aggregate in the medium 
upon secretion via the Type m pathway (Michiels et aL 
1990). Similarly, HrpN & has a propensity to form aggregates 
or to associate with an insoluble membrane fraction (Wei et 
aL 1992). 

It is significant that there is little difference in the plant in- 
teraction phenotypes of £ chrysanthemi mutants deficient in 
either HrpN** or a putative component of the Hrp secretion 
pathway (Bauer etal 1994). Both mutations abolish the abil- 
ity of Pel-deficient strains to elicit the HR, and they both re- 
duce the frequency of successful infections incited by My 
pectolytic strains in witloof chicory leaves without affecting 



Designation 



Relevant characteristic" 



Reference or source 



Escherichia coli 
ED8767 
DKSa 

DH10S 

EC16 

AC4150 

CUCPB5006 

CUCPB5030 

CUCPB5045 

CUCPB5046 

CUCPB5063 

CUCPB5049 
Erwinia amylovora 

Es32! 

Ea321T5 
Piasmids and phage 

pBloescripcnSKH 

pCPP19 

pUC!19 

pSE280 

pCPP2Q30 

p CPP1 084 
PCPPZ157 

pCPP2l42 
pCPP2l41 

pCPP2172 

pCPP2174 

X;:Tn5-juM/ 



jupEM supFSZ tudSXri mj) rtcAS6 galk.2 gaIT72 metB\ 
supEAA AiacVm (080 fccZAMlS) hsdRM rtcAl endAI gyrA% thiA 
relAX Nal r 

mcrA M.mrr-hsdRMS-mcrBC) $80 IccZAMlS ttacXH deoR rtcAl 
endAJ cmD\39 Mara, ku)7697 gaiV gaUC rpsL nupC 

Wild-type stnin 

Spontaneous Nal' derivative of EC 1 6 
alpelB pelO: :28bp aipelA pelE) derivative of AC4150 
outDiiTnphoA derivative of CUCPB5006 
hrpN £di 546::Tn5'gusAi derivative of CUCPB5006 
hrpN^S^iTnS-gusAi derivative of CUCPB5006 
hrpN £ch $46:itnS'gusAl derivative of CUCPB5Q30 
hrpNgalSteTnS-gusAi derivative of AC4150 



Wild type. 

hrpNciiTaSvtcl derivative of Ea321 
Amp* 

Cosmid vector, Sp r /Sm' 
Amp' plasmid vector 

Amp' plasmid vector with superpoly linker downstream of tac promoter 
. pCPP19 carrying E. chrysanthemi DNA hybridizing with £ amylovora 

hrp genes in pCPP 1033 
pBluescript Ml 3+ carrying hrpNtA on U-kb Hind III fragment 
pCPP!9 carrying £ chrysanthemi DNA hybridizing with £ amyhvora 

hrpN 

8J-kb Sail subclone from pCPP2157 in pUCU9 

3.1-kb Pstl subclone from pCPP2157 in pBluescript ri SKH hrpNg* in 

the orientation opposite that of thevector lac promoter 
3.1-kb Pstl subclone from pCPP2157 in pBluescript H SKH hrpNg* in 

same orientation as vector lac promoter 
1.0-kb hrptffa polymerase chain reaction product doned in Nco l- 
, /find ill sites of pSE280 

Tri5 derivative for generating transcriptional fusions with uidA reporter. 
Kan 1 , Tet 1 



Sambrookerot 1989 
Hanahan 1983 

Ufe Technologies, inc. Grand Island, NY 
Grant et aL 1990 
Ufe Technologies, Inc. 

Burkholderc/ci 1953 
Qianerjeecf oll983 
HeandCollmer 1990 
Ba»er etaL 1994 
Thiswckk 
This work" 
This work 
This work* 

ATOC 49947 
Wei etaL 1992 

Soattgene, La Jolla, CA 

D.W.Bauer 

Vleirm and Messing 1987 

Brosius 1989 

Bauer etaL 1994 



Wei etaL 1992 
This work 

This work 
This work 

This work 

This work 



1990 



* Amp* = ampicillin resistance; Kan f = kanamycin resistance: Nal' = nalidixic acid resistance; Sm r = streptomycin resistance; Sp r « spectinonrycin re- 
sistance; Tet' » tetracycline resistance. 
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the size of the macerated lesions that do develop. This pattern 
contrasts with that observed in mutations affecting Pel iso- 
zymes and the Out pathway. Virulence, as measured by mac- 
eration, is merely reduced by individual pel mutations, 
whereas it is abolished by out mutations, this is because mul- 
tiple Pel isozymes (and possibly other, enzymes) contribute 
quantitatively to virulence, but all of the Pel isozymes appear 
to be dependent on the Out pathway for secretion from the 
bacterial celL The simplest interpretation of the observations 
with £ chrysanthemi hrp mutants is that HrpN** is the only 
protein traveling the Hrp pathway that has a detectable effect 
on the interaction of £ chrysanthemi EC16 with the plants 
tfytffd. 

The primacy of HrpNa* in the £ chrysanthemi Hrp system 
is further supported by the observations that hrpN^ mutants 
failed to elicit necrosis in any of the several plants tested and • 
that all plants responding with apparent hypersensitivity to 
HrpNIa strains also responded to isolated HrpN**. Several 
of the plants sensitive to HrpN^* are also susceptible to bac- 
terial soft rots. This is particularly significant for African vio- 
let, whose interactions with £ chrysanthemi have been exten- 
sively studied (Barras et al 1994). Thus, HrpN^ elicits HR- 
like responses in plants that are susceptible to £ chrysan- 
themi infections under appropriate environmental conditions. 
The significance of this for the wide host range of the bacte- 
rium requires further investigation, and virulence tests with 
hrpN&k mutants and additional susceptible plants are needed 
to determine the general importance of HrpN^ and the Hip 
system in £ chrysanthemi For example, our present data do 
not address the possibility that other proteins secreted by the 
Hrp pathway, which are not elicitors of the HR in the plants 
we tested, may contribute to pathogenesis in hosts other than 
witloof chicory. 

An important question is whether bacteria expressing het- 
erologous harpins will be altered in pathogenicity. The hrpN 
genes of £ chrysanthemi and £ amyiovora are particularly 
attractive for experiments addressing this because of the simi- 
larity of the harpins and the dissimilarity of the diseases pro- 
duced by these bacteria. Unfortunately, attempts to restore the 
HR phenotype to £ chrysanthemi and £ amyiovora hrpN 
mutants with heterologous hrpN* subclones failed. Since the 
hrpN genes in each subclone successfully complemented 
hrpN mutations in homologous bacteria and were expressed 
in heterologous bacteria, the problem is most likely the secre- 
tion of the harpins by heterologous Hip systems. A similar 
problem has been encountered with heterologous secretion of 
Pel and cellulase via the Out pathway in £ chrysanthemi and 
£ carotovora, species that are more closely related to each 
other in this rather heterogeneous genus than £ chrysanthemi 
and £ amyiovora are (He et aL 1991; Py et al 1991). 

In conclusion, two classes of proteins contribute to the 
pathogenicity of £ chrysanthemi— z single harpin and a bat- 
tery of plant cell wall-degrading pectic enzymes. The obser- 
vation that such a highly pectolytic organism also produces a 
harpin suggests the fundamental importance of harpins in the 
pathogenicity of gram-negative bacteria. The observation that 
an Ajptf£a::Tn5-guxAi mutation reduced the ability of a 
fully pectolytic strain of £ chrysanthemi to initiate lesions in 
susceptible chicory leaves, but did not reduce the size of le- 
sions that did devel p, suggests that HrpN** contributes spe- 
cifically to an early stage of pathogenesis. An attractive pos- 



sibility is that HrpNftft releases nutrients to the apoplast for 
bacterial nutrition before the pel genes are fully expressed 
(Collmer and Bauer 1994). Patterns of pel and A/p/fa* ex- 
pression in planta will likely yield further clues to the role of 
the £ chrysanthemi harpin in soft-rot pathogenesis. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and culture conditions. 

Bacterial stains and plasmids are listed in Table 3. EL chry- 
santhemi was routinely grown in King's medium B (King ct 
aL 19S4) at 30° C, £ coli in LM medium (Hanahan 1983) at 
37* C and £ amyiovora in Luria-Bertani medium at 28- 
30° C The following antibiotics were used in selective media 
in the amounts indicated (in ng/ml), except where noted: 
ampicillin (100), kanamycin (50), spectinomycin (50), and 
streptomycin (25). 

General DNA manipulations. 

Plasmid DNA manipulations, colony blotting, and Southern 
blot analyses were performed by standard techniques (Sam- 
brook et al 1989). Deletions for sequencing were constructed 
with the Erase-a-Base kit (Promega, Madison, WI). Double- 
stranded DNA sequencing templates were prepared with Qia- 
gen Plasmid Mini Kits (Chats worth. CA). Sequencing was 
performed with the Sequenase Version 2 kit (U.S. Biochemi-. 
cal, Cleveland, OH). The Tn5-gusAl insertion points were 
determined on an Automated DNA Sequencer (model 373A, 
Applied Biosystems, Foster City, CA) by the Cornell Bio- 
technology Center. DNA sequences were analyzed with the 
Genetics Computer Group Sequence Analysis Software Pack- 
age (Devereaux et ai 1984). Comparison of HrpNfc* 
HrpN* by the Gap program was done with a gap weight of 
5.0 and a gap length weight of 0.3. Marker exchange 
mutagenesis was performed as previously described (Bauer et 
al 1994). The oligonucleotide used to determine the location 
of TnS-gusAl insertions in hrpN m was TGACCTGCAGCC- 
AAGCTTTCC The oligonucleotide used as the first primer to 
* amplify the hrpN^ ORF and introduce an Ncol site at the f 
end of the gene was AGTACCATGGTEATTACGATCAAA- 
GCGCAC; the one used as the second primer to introduce an 
Xhol site at the 3' end of the gene was AGATCICGAGGG- 
CGTTGGCCAGCTTACC. Primers were synthesized by Inte- 
grated DNA Technologies (Coral ville, IA). 

Protein manipulations. 

HrpN** was purified from £ coli DH5a(pCPP2172) cul- 
tures grown at 30* C to stationary phase in 50 ml of Terrific *" 
Broth (Sambrook et al 1989) supplemented with ampicillin 
at a concentration of 200 pg/mL Cells were lysed by lyso- 
zyme treatment and sonication as previously described (Sam- 
brook et al 1989). The tysate pellet was washed twice with 9 
vol of lysis buffer containing 0 JS% Triton X-100 and 10 mM 
EDTA, pH 8.0, and 0.1, mM phenyhnethylsulfonyl fluoride 
(PMSF); the lysate was reharvested each time by centrifuga- 
tion at 12,000 x g for 15 min. Hie pellet was resuspended in 
2.0 ml of lysis buffer containing 0.1 mM PMSF, dissolved by 
the addition of Z5 rhl of 8 M guanidine-HQ in lysis buffet; 
and then diluted with 5.0 ml of water: The protein, solution 
was diilyzed in SpectraPor #1 dialysis tubing against ZQ 
liters of 5 mM morpholinoethanesulfonic acid (MES), pH 6.5, 
containing 0.05 mM PMSF. The precipitate that formed dur- 
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OOO x g. The P^"^" 6i> ^ o.l „,M PMSF and 
don coning 5 «nM ^ buffet Prolc in con- 
«hen impended »n 2.0 ™? x ions wcre determined 

centrations of J"? 00 ?^^ of the dye-binding assay 
following dissolution in the reageno : oi ™ j • 

12% P°V a ^ ^" ,,%p TteN-terrnina sequence of pun- • 
ZZCT^^ C- ^ty Bio- 
ISuSogy Progtam Protein Analysis Faahty. 

tomato {Lycopcnicon cscuUntum Ml ™ 

SLKJS: winter squash 

grown under Pf^^S^ in W e laboratory at room 
garden shop and ^« ^nxameo with a 500- 

temperature ^*^tof cWoaS (SZrium inrybus U was 

W SS^eUi» enm^heads from a local atper- 
purchased as Belgian en ^ delivered « 

f 3 !, K^a^rTi 1994). Briefly, to assay 

into leaves on plants. 
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RESULTS 

RsmA" mutants f E. carotovora subsp. carotovora eSdt 
responses in tobacco leaves that resemble the HR. 

Previously (Chatterjee el ai 1995; Cui et al 1995), we have 
described the isolation procedure as well as some of the char- 
acteristics of £ carotovora subsp. carotovora strain AC5070, 
the mini-Tn5-Km insertion RsmA" mutant (rsm = regulator of 
secondary metabolites). Since AC5070 overproduces p e c rate 
lyases, polygalacturonases, protease, and cellulase, and is try- 
pervirulent, it was of interest to examine the responses it could 
elicit in tobacco leaves, wherein wild-type £1 carotovora 
subsp. carotovora does not cause tissue necrosis in 24 to 48 
hr. As shown in Figure 1, cells of AC5070 infiltrated into to- 
bacco leaves produced symptoms similar to those caused by R 
syringac pv. pisi, known to elicit the HR. The lowest concen- 
tration of AC5070 that elicited an HR-like response was ap- 
proximately 2 x 10* cells/mL The visible symptoms, Le*, wa- 
ter soaking followed by tissue collapse, appeared within 24 h 
after the infiltration. By 24 b the inoculation sites developed 
necrosis, culminating in tissue desiccation. These responses, 
as in the typical HR, invariably remained confined to the area 
infiltrated with bacterial cells. Infiltration with cells of RsmA* 
£ carotovora subsp. carotovora grown in Luria-Bertani (LB) 
agar did not produce visible lesions; however; after 5 to 6uays 
the infiltrated sites became chlorotic 

By ethyl methane' sulfonate (EMS) mutagenesis of £ earth 
tovora subsp. carotovora strain AG5006, we isolated a mu- 
tant, AC5041, that, like AC5070, overproduces pectate lyases, 
polygalacturonases, protease, and cellulase (Hg. 2). in add- 




Fig. 1, Symptoms produced in tobacco leaves by Erwinia camovora 
subsp. carotovora AC5047 and is RotA" mutant, AC507Q. Oefl sus- 
pensions containing about 2x10* CFU/ml were infiltrated into each leaf 
segment A, AC5047; B, AC5070; C, Pseudomonas syringot pv. pisi 
Pspl; and D, watet Picture was taken 24 h after infiltration. 



tion, the mutant is hypervirulent in that it caused more severe 
maceration in celery petioles than the parent RsmA 4 * strain 
(Fig. 3). The derepressed mutant, AC5041, but not its parent 
strain, induced the HR-like response in tobacco leaves (data 
not shown). , 

Prevention of the HR-like response. 

It has been reported that P. syringae pv. pisi prevents the 
HR when it is preinoculated in tobacco leaves at a lower con- 
centration (5 x 10 5 ) and later challenged with an HR-inducing 
concentration (5 x10*) at the same site (Novacky et aL 1973). 
Similarly, we have noticed that preinfUtration of tobacco 
leaves with AC5070 (10 s CFU/ml) prevented the appearance 
of water soaking and necrosis upon reinoculation at die same 



A B 




Fig. 2. Agarose plate assays for 1, pectate lyase (Pel); 2, porygalactnro- 
nase (Peh); 3, protease (Pn); and 4, cellulase (Cel) activities of Erwinia 
carotovora subsp. carotovora AC5006 (A) and its RsmA" mutant 
AC3041 (B). Bacteria were grown in salts-yeast extract-slycerol me* 
dium to saturation. Culture supernaiants were diluted twofold in 10 mM 
Trij-HCl (pH 7.0) buffer and 5 pi of the diluted samples were used for 
the Pel, Pen, and Cel assays. Thirty microliters of undiluted samples 
were used for the Pn assay. 
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site with AC5070 or P. syringae pv. nisi (Fig. 4). After the 
preinoculation, about 2 x l(f cells of AC5070 were intro- 
duced at different intervals. The ability f preinoculated cells 
to inhibit the HR-Hkc response was apparent by 12 h after in- 
oculation (data not shown), and by 24 h production of the re- 
sponse was completely suppressed. 



A B 




Fig. 3. Maceration of celery petioles induced by Ermnia carotavora 
subsp. carotavora AC5006 (A) and its RsmA" mutant AC5041 (B). 
About 2x10* bacterial cells suspended in water were injected into each * 
inoculation site. Inoculated petioles were coveted with petroleum jelly 
and incubated in a moist chamber at 2S*C for 24 h. 




Fig. 4. Prevention of die hypersensitive response symptoms in tobacco 
leaf by the RsmA* mutant of Erwinia carotavora subsp. carotavora, 
AC5070. Leaf segments were infiltrated with A, water at 0 b; B, Pse*- 
aomonas syringae pv, pisi Pspl (5 x 10 1 CFU/ml) at 24 h; C AC507O (2 
x 10* CFU/ml) at 24 h; D, AC5G70 (2x10* CFU/ml) at 0 h; E, AC5070 
(10 5 CFU/ral) at 0 h; F, AC5070 (10 s CFU/ml) at 0 h and challenged 
with Pspl <5 x to* CFU/ml) after 24 h: G f AC5070 (I0 5 CFU/mi) at 0 h 
and challenged with AC5070 (2x 10" CFU/ml) after 24 h; and H, Pspl 
(5 x 10* CFU/ml) at 0 hour. Leaf was photographed 48 h after infiltra- 
tion. 



RsmA" mutants of E. carotovora subsp* carotovora elicit 
the HR-like response in the absence of the ceD density 
sensing signal, OHL. 

OHL and its structural analogs are required for the expres- 
sion of many phenotypes in different bacteria (Fuqua et aL 
1994; Salmond et aL 1995; Swift et aL 1994). In E cawtovora 
subsp. carotovora, OHL controls extracellular enzyme pro- 
duction, pathogenicity, and production of the antibacterial an* 
. tibiotic, carbapenem (Bainton et aL, 1992; Chatterjee et aL 
1995; Jones et aL 1993; Pirhonen et aL 1993). We had previ- 
ously demonstrated that exoenzyme overproduction and 
pathogenicity occurred in the absence of OHL in the RsmA* 
mutant, AC5070 (Chatterjee et aL 1995). To find out if the 
mutants could elicit the HR-like response in the absence of 
this cell density sensing signal, we examined the responses 
induced by OHL-deficient derivatives of the RsmA" strai ns . 
We made the EMS-induced RsmA" mutant OHL deficient by 
replacing ohiT (previously designated as hslT) allele required 
for OHL biosynthesis, with oWT-Mudl by marker exchange, as 
we had done with AC5070 (Chatterjee et aL 1995). AC5090 
and AC5093, the derivatives of AC5070 and AC5041, respec- 
tively, do not produce OHL, as indicated by the Lux bioassay 
(Chatterjee et aL 1995; data not shown). Figure 5 shows that 
AC5090 and AC5093 elicited reactions in tobacco leaves that 
were very similar to those produced by the parent strains as 
well as by P. syringae pv. pisL 

The RsmA* mutants overexpress hrpN nfry a locos pits 
sumed to specify an clititor of the HR. 

Recent studies by S. V. Beer, A. Colknes; and their associ- 
ates demonstrated that hrpN genes of R amylovora and £ 
chrysanthcrni encode elicitors of the HR and raised the possi- 




Fig. 5. Hicitadon of the hypersensitive-like response in tobacco leaves 
by RsmA' mutants of Erwinia carotovora subsp. carotavora and their 
Ohir derivatives. Leaf segments were infiltrated with 2 x 10" CFU/ml 
of. bacterial cells. A, water, B, AC5093, (RsroAT, OhT); C, AC5090 
(RsmA- OhH; D, Pseudomotua syringae pv. pisi Pspl; E, ACS04I 
(RsmA*, OhDi and F, AC5070 (RsmA-, OhT). Picture was taken 24 h 
after infiltration. 
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HipN^ . MLNSLGG--GASLQITIKA-GGNGGLFPSQSSQNG — GSPSQSAFGGQRS 45 
HrpN rcfl MQITIKA--HIGGDLGVSG-LGLGA- -QGLKGLNS — AASSLGSSVDKLS 43 
HrpM to MSLOTSGLGASTMQISIGGAGGNNGLLGTSRQl^GLGGNSALGliGGGNQM 5 0 



HrpN^ .. NIAEQLSDIMTTMMFM GSWlGGGSASGGLGGLGSSljGGl.GGGh — 87 

HrpN-^ STIDKXTSALTSMMF* GGALAQGLGASSXGLG — — — — 74 

HxpN to DTVNQlAGLLTGMMMmSMMGGGGLMGGGLGGGLGNGLGGSGGL 100 
* * ** *** * 



HrpN^ • - LGGGLGGGLGSSLGSGLGSALGGGLGGALGAGM 12 0 

HrpN^ -MSNQLGQSFGNG-AQGASNLLSVPKSG — GDAL - — 104 

HrpN^ ALNDMLGGSL -NTLGSKGGNNTTS TTNSPLDQALGINSTS QNDDS TS GTO 149 

AAA ^ ^ A A A A A A A A A A AAA M 



HrpN^ NAMNP SAMMGSIX FSALEDLLGGGMSQQQGGLFGNKQPSSPEXSAYT 1ST 

HrpN Sch SKMFDKAL-DDLL GHDTVTKL TNQ S NQ LANSMLNAS QMTQGJ3MNAFG 150 

HrpN-, STSDS SDPMQQIJ^XMFSE:mQSIJrGDGQDGTQGSSS 199 



HxpNj^ QGVNDNLSAILGNGLSQTKG QTSPLQLGNNGIiQGIiS 203 

HrpN^ SGVNNALSSILGNGLGQSMS GFSQPSLGAGGLQGliS 186 

HrpHjg. KGVTOALSGLMGNGLSQLLGNGGLGGGQGGNAGTGa»a>GSSLGGKG1aQN1iS 249 

** ** ****■♦ . . ** ***** 



HrpN^ GAGAFNQLGSTLGMSVGQI^GLQEI^ISTHNDSPTRTFVDKEDRGMAKS 253 
HrpN^ GAGAFNQLGNAI GMGVGQNAAIjS AL S NVS THVDGNNRHFTO 236 
HrpN tt GPVDYQQIjGNAVGTGIGMKAGIQALNDXGTHRHS STRSFVNKGDRAMAKE 299 



Hrptf^. IGQFMDQYPITvTGKAJEryQKDNWQTAKQED^ 3 C 3 

HrpN^ IGQFMDQYPEIFGKPEYQKIX^SSPKTPDKSWAKALSKPDIDDGMTGASMD 286 
HrpNj, IGQFMDQYPEVFGKPQYQKGPGQEVKTDDKSWAKALSKPDDDGMTPASME 349 



HrpN^ KFMKAVGMIKS AIRGDTGIJTNLSARGNGGASLGXDAAM1 GDRIVNMGLKK 353 

HrpN M KFRQAMGMX1CSAVAGDTGNTNL2^RGAGGASL^ 336 

HrpN to QFNKAKGMIKRPMAGDTGNGNL QEAVPWLRW 381 

.# * **** _ ******* . . . . * 



HrpN^ LSS- 356 
HrpN^ LAMA 340 
HrpN ta VLMP 385 

Fig. 6. Alignment of deduced amino add sequence of hrpN&g of Erwinia carotovora subsp. carotovora strain Ecc7 1 (HrpN^) with those of £ chry* 
santhemi EC16 (HrcNe*) and E amy/ovore Ea32l (HrpNfi,). Asterisks indicate identical amino acids; single dots indicate conservative substitutions. 
Numbers at R right indicate amino add positions in each protein. 
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bility that hrp genes including hrpN may also occur in other 
Erwinia species (Bauer et aL 1994; Bauer et aL 1995; Laby 
and Beer 1992; Wei et aL 1992). Indeed, Southern Wot hy- 
bridization under moderate stringency conditions with hrpN 
DNA of E chrysanthemi (EC16) (Bauer et aL 1995) as the 
probe disclosed the presence of hrpH sequences, in £ cawtih 
vora subsp. cawtovora strain Ecc71 (data not shown)* Subse- 
quently, by screening a library of Ecc71 with the hrpNDHA 
of £ chrysanthemi, several clones possessing homologous 
DNA were identified; the corresponding Ecc71 sequences ait 
tentatively designated as hrpN^ Sequence analysis of the 
DNA segment that specifically hybridized with the hrpN DNA 
of £ chrysanthemi revealed an 1,068-bp open reading frame 
whose predicted product has 711% similarity and 53.4% 
identity with the deduced product of hrpN of £ chrysanthemi, 
and 66.6% similarity and 50.8% identity with the predicted 
product of hrpN of £ amylovoria (Fig. 6). 

Northern (RNA) blot analysis was performed with total 
RNA preparations from the wild-type strain Ecc71, the RsmA" 
mutants, AC5041 and AC5070, and their RsmA* parents to 
ascertain if hrpN^ expression is derepressed in the RsmA'* 
strains. Bacteria were grown in SYG medium at 28°C to a 
Klett value of approximately 200 and used for total RNA iso- 
lation. A 700-bp Accl-Smal internal fragment of the hrpN&a. 
was used as the probe. The data (Fig. 7) revealed the presence 
of 1100-base transcripts in AC5070 and AC5041. By contrast, 
these transcripts were not detected with RsmA* strains 71, 
AC5006 and AC5047. We should note that somewhat higher 
levels of krpN&c transcripts were present in the mini-Tn5-Km 
insertion mutant (AC5070) than in the EMS-induced mutant 
(AC5041). We do not yet know the reason for this difference. 
It is possible that AC5041 produces a defective RsmA with a 
leaky activity, whereas the mini-TnJ-Km insertion mutant 
does not produce a functional RsmA. It is, however, clear that 
hrpNicc transcripts are substantially higher in AC5041 than in 
its RsmA* parent, AC5006. 

The rsmA* allele suppresses elicitation of the HR-like re- 
sponse and expression of hrpN&p 

We have previously described the cloning and characteriza- 
tion of the rsmA gene of £ cawtovora subsp. cawtovora 
strain Ecc71 (Chatterjee et aL 1995; On et aL 1995). A low- 
copy plasmid carrying this gene causes a severe attenuation of 
pathogenicity and suppresses extracellular enzyme production 
in £ cawtovora subsp. cawtovora and £ c. subsp. atrosep- 
tica; represses pathogenicity, exopolysaccharide production, 
flagellum production and motility, protease production, and 
elicitation of the HR by £ amyiovora; and suppresses extra- 
cellular enzyme and antibiotic production by £ cawtovora 
subsp. httavasculorum (Chatterjee et aL 1995; Cui et aL 1995; 
Mukherjee et aL 1996a, 1996b). In light of the large array of 
effects en phenotypes by rsmA, including induction of the HR 
by £ amyiovora, it was deemed worthwhile to examine the 
effects of the rsmA* DNA on elicitation of the HR-like re- 
sponse by the mutants. Hie plasmids pCL1920 and pAKC880 
were transformed into AC5041 and AC5070 and the con- 
structs were tested for induction of the HR-like response. Fig- 
ure 8 shows that AC5041 and AC5070 carrying the cloning 
vector; pCL1920, elicited reactions in tobacco leaves similar 
to those caused by P. syringae pv. pisi. By contrast, there was 
no visible reaction in the leaf segment infiltrated with AC5041 



or AC5070 carrying the RsmA* plasmid, pAKC880. These ' 
results indicate that multiple copies of rsmA suppress elicita- 
tion of the HR-like response in tobacco leaves by AC5041 and 
AC5070. 

Northern analysis was conducted to determine the effect of 
RsmA plasmid on hrpN^ transcription. The data- (Fig. 9) 
show that high levels of hrpN&x transcripts were present in 
cells of AC5041 and AC5070 containing the cloning vector; 
pCL1920, but the transcripts were not detected in cells carry- 
ing die rsmA plasmid, pAKC880. 1 

DISCUSSION 

We previously reported that extracellular enzyme produc- 
tion as well as virulence are negatively regulated by rsmA in 
£ cawtovora subsp. cawtovora (Chatterjee et aL 1995; Cui et 
aL 1995; Mukherjee et aL 1996a, 1996b). For example, the 
inactivation of rsmA by a transposon resulted in overproduc- 
tion of extracellular enzymes and hypervirulence. Moreover; 
unlike its parent, the RsmA" mutant did not require the cell 
density sensing signal OHL, for pathogenesis or extracellular 
enzyme production. In this report, we have shown that this 
RsmA" mutant and an EMS-induced mutant of a similar phe- 
notype elicited the HR-like response in tobacco leaves, and 
that die elicitation of this reaction was also not dependent 
upon OHL Although we do not yet have direct evidence that 
the mutations in AC5041 and AC5O70 are in the same gene, 
these strains possess similar phenotypes; eg., they overpro- 
duce extracellular enzymes, they are hypervirulent, and OHL 
deficiency does not affect the expression of these traits. 
Moreover, the plasmid carrying rsmA* DNA suppresses extra- 
cellular enzyme production, pathogenicity, and the elicitation 

1 2 3 4 5 



1100- • H 



Fig. 7. Northern (RNA) biof analysis of hrpN^ mRNA'of Erwinia 
cawtovora subsp, carotovora strains. Each lane contained 20 ug of total 
RNA. Position of 1100-base transcript is indicated. Lane 1, Ecc71 (wild- 
type patent, RsmA*); lane 2, AC5006 (RsmA-); lane 3, AC5041 
(RsmA-); lane 4, AC5047 (RsmA*); lane 5. AC5O70 (RsmA-). 
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of the HR-like response by die mutants. Also, both the mu- 
tants express hrpN&t constitutively, although the transcript 
level is somewhat higher in AC5070 than in AC5041. As 
these mutants have similar phenotypes, we tentatively classi- 
fied them as RsmA". 

The following lines of evidence strongly suggest that die 
mutants elicited a typical HR (Goodman and Novacky 1994): 
(i) the reaction was characterized by a rapid physiological ac- 
tivity G.&, water movement or water soaking), tissue collapse 
followed by cell death (necrosis); (ii) the affected areas were 
limited to the region infiltrated with bacterial cells; (iii) these 
symptoms were indistinguishable from the symptoms devel- 
oped by P. syringae pv. pisi, a bacterium known to elicit (he 
typical HR in tobacco leaves; (n) the response elicited by 
AC5070 was preventable upon previous infiltration of a low 
concentration of AC5070 cells and, similarly, prior inocula- 
tions with AC5O70 cells prevented elicitation of the HR by P. 
syringae pv. pisi; and (v) while AC5070 and AC5041, then- 
parent strains, and the wild-type strain possess hrpN^ se- 
quences (data not shown), the expression of hrpN^ is 
derepressed only in the mutants, presumably leading to die 
production of high levels of a putative elicitor of the HR (see 
below). 

Our observations support the idea that AC5070 and 
AG5041 produce an elicitor dial triggers the HR-like response 



in tobacco leaves. We attribute the manifestation of thi, m. 
genre with the mutants, but not vith the 
gjrf the former to produce bigh constitutive levels™ 
exoaa ^. or With regard to the posribte 

t lT^^ 1 1S , perilaps that peSS 

are known to generate ehcitors of plant defense resnon«, 
0a* et d 1984; Davis and Ausubel iSTSe^S 
Furore, Palva et aL (1993) have documented^ aS 
of chtmases and glucanases in tobacco by exoenzyme- 
producing strains of £ camtovom subsp. camtovora but ™ 
by mutants deficient in exoenzyme 2 
could argue that pectinase overproduction by the Rsm^Z- 
M ; may induce defense reactions that could cumSe £Z 
HR-like response. The inability of the wild-type RsmA* £ 
camtovora subsp. camtovom strain Bcc71 to elicit mis m. 
spouse could be attributed to the lack of extracellular enzyme 
production* a nonhost tissue, Le, in a tobacco leaf How- 
ever, ^ hypothesis implicating pectolytic enzymes as dfcl 
tors of the HR is difficult to reconcile with &7fiiSn7of 
Bauer et td. (1994) that only those mutants of ££££ 
that "deferent m major pectate lyases can ehciube HBL 

In hght of that finding and for the following reasonsTwe fit- 
vor the hypothec that induction of the HR?Kke res™** b v 
the mutants may be due to the derepression of a ^ene^<2 
ing an elicitor, such as HxpN^ or^JcSier ^S 




•AW: - 






Fig. 8. Bicitaiion of an hypersensitive-lie response in tobacco leaves by the RjmA* mutants of Erwinia a,*,^- _i_ 
A) and AC5070 (panel B) carrying the rsmA* piasmid. pAKCSSO, or the cloning vector. v^K^B^T^?^ am " cvom AC3041 (panel 
CFU/ml were infiltrated into each leaf segment. Panel A: A, PnuJomonas syri^p^i ^ B, A^«^^Z^t^^ abo«2 X 10* 
canying pO.1920. paoel B: A, Pspl ; B, ACJ070 carrying pAXCSgO; C, w£r, D, ^SipS^^^S^^^SS! 
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dates (Bauer et al 1994; Bauer et al 1995) have discovered a 
gene specifying an eHcitor of the HR in the soft-rotting bacte- 
rium £ chrysanthemL The deduced sequence of HrpN^ pre- 
sented here document the occurrence of a homolog of £ cAry- 
southard hrpN in £ carvtovora subsp. carotovora strain 
Ecc71. We have found that the rnini-TnJ-Km induced RsmA~ 
mutant as well as the EMS-induced derepressed mutant pos- 
sess a substantial level of an approximately 1100-basc tran- 
script that specifically hybridizes with the hrpN^ DNA. By 
contrast, this transcript is barely detectable in the RsmA* 
strains. Moreover, the introduction of the rsmA* allele into die 
mutants severely reduces the levels of this transcript and con- 
comitantly abolishes the ability to elicit thcHR-like response. 
These observations indicate that transcription of hrpN^ is 
derepressed in the mutants, and that this derepression is due to 
the inactivarion of rsmA. At the moment, since the genes tor 
pectolytic enzymes and hrpN^ are both derepressed in the 
RsmA* mutants, we have to entertain the possibility that the 
pectolytic enzymes could also contribute to the hypersensitive * 
necrosis of tobacco leaf tissue. Genetic and biochemical studies 
have been initiated to determine if hrpN^ and its putative prod- 
uct are solely responsible for the dictation of the HR and to 
clarify the ramifications of hrpN^ regulation in compatible and 
incompatible interactions of £ carvtovora subsp. carotovora. 



12 3 4 



1100- 




Fig. 9. Northern (RNA) blot analysis of hrpN^ mRNA of Erwmia 
carvtovora subsp. carotovora RsmA* mutants AC5041 and. AC5070 
carrying the rsmA* plasmid, pAKC880, or the cloning vector. pCL192CL 
Each lane contained 20 y% of total RNA. The position of 1100-base tran- 
script is indicated. Lane 1. AC5070 carrying pCL!920: lane X AC5070 
carrying pAXC880; lane 3, AC5041 carrying pCL1920: lane 4, AC5041 
carrying pAKC880. 



MATERIALS AND METHODS 

Bacterial strains and media. 

Bacterial strains and plasmids are described in Table 1. £ 
carotovora subsp. carotovora strains were routinely grown in 
LB and P. syringae pv. pisi on King's B (King et aL 1954) 
agar media at 28°C Minimal salts plus sucrose (0.2%) agar; 
nutrient gelatin (NG) agar; polygalacturonate-yeast extract 
* agar (PYA) and salts-yeast extract-glvcerol (SYG) media have 
been described previously (B arras et aL 19E7; Chatterjee 
1980; Murata et al 1991). When required, antibiotics were 
added at the indicated concentrations in micrograms per milli- 
liter: spectinomycin (Spc), 50; tetracycline (Ic), 10; Ampicil- ' 
lin (Ap) f 50 and Kanamycin (Km), 50. The composition of 
agarose media for semiquantitative assays of enzymatic ac- 
tivities has been described in Chatterjee et aL (1995). 

Enzyme assays. 

The preparation of enzyme samples for assays as well as the 
assay procedures were described previously (Murata et aL 
1991; Chatterjee et aL 1995). The volumes of enzyme samples 
used in the assay s are indicated in the figure legends. 

Biolurninescence assay for OHL. 

The procedure described by Chatterjee et aL (1995) was 
followed. 

Recombinant DNA techniques. 

Standard procedures were followed in DNA isolation, trans- 
formation and electro poration of bacteria, restriction digests, 
gel electrophoresis, DNA ligation, and Southern blot analysis 
(Sambrook et aL 1989). Restriction and modifying enzymes 
were obtained from Promega Biotech (Madison, WI). 

Isolation of RsmA" mutants. 

The procedure used for the isolation of AC5070 by mini- 
Tn5-Km has been described (Chatterjee et aL 1995). AC5041 
was isolated by EMS mutagenesis of AC5006. Mutagenesis 
was carried out according to the protocol of Miller (1972). 
The bacterial cells were incubated with EMS tor a period that 
yielded less than 5% survivaL The putative RsmA" mutants 
were identified by their ability to overproduce protease, eel* 
lulase, and pectolytic enzymes in agar plate assays (Chatterjee 
etaL1995). 

Inactivarion of the ohl locos by MudI mutagenesis. 
. The plasmid, pAKC852, carrying the 9.7-kb oht DNA of 
£ carotovora subsp. carotovora strain Ecc71 -was muta* 
genized with MudI1734 following the procedure of Castilho et 
aL (1984). Briefly, pAKC852 was transformed into the ly- 
sogerric Escherichia coii strain POI1734. The strain carrying 
the Ohl* plasmid was heat-induced to lyse. The lysate was 
used to transduce £ coli M8820, and the TcTCm' transductants 
were screened for OHL production by means of the plate as- 
say procedure described in Chatterjee et aL (1995). Plasmids 
were isolated from M8820 colonies mat could no longer acti- 
vate the iux operons in pHV20GL 

Construction of bacterial strains by marker exchange. 

The construction of AC5090, the Ohl* derivative of 
AC5070, has i been described (Chatterjee et aL 1995). lb iso- 
late AC5093, the Ohl" mutant f AC5041, the plasmid 
(pAKC863) carrying inactivated ohtf-Mu& was transferred 
into AC5041 by means of the h Iper plasmid, pRK2013. 
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Transconjugants were selected on minimal salts 
a^sTpptoented vrfth Km. Colonies that were ^f ™** 
SUfSthe Ohl phenotype. AC5093 was selected for further 

studies. 

XSSi was previously described (Murata . 
^ l^Sttentof tissue maceration was esumated 

visually. 

S expanded third and fourth leaves 

SSSJ^S^O h daylight ^- d f « 

So Sheaves. ^ prejnoculafcd la*as J»™££ 
vdth2 x id* CFU of AC5070 per or 5x10 s CFU of * sy 
ri««« pv.pin Pspl per ml at desired intervals. 



Cloning of fapJV^DNA and nucleotide sequencers' 
The genomic Bbrary of £. carowvora subsp. carowvora 
strain Ecc71 in pLARF5 was screened by in am colony hy- 
bridization with a 0.75-1* internal CW fmgment of hrpNcS 
E. chrysaM (Bauer et aL 1995). Two cosnads, pAKC921 
and pAKC922, that hybridized with : probe ^wete Kctoei 
The subclones (pAKC923 and pAKC924, Table 1) carrying 

hrvN DNA were' used for sequence analysis. 

Unidirectional 5' to 3' deletions of P AKC924 were made 
and Ae overlapping deletions differing « ^ .by appro^ 
mately 200 bp were used for sequence analysis ^th the Se- 
quence System H (U.S. Biochernicals, Cleveland, OIDJn 
Addition, we used ohgonuclecdck pnn^mv^ and com- 
plete the sequence of hrpN* with pAKC923 andpAJCC92A 
DNAs as Sates. Alignment of protein sec^was p^ 
formed using the Generics Computer Group, Inc. (Madxson, 
Software program at the DNA Core f 
versity of Missouri-Columbia campus ^* cI ^9 E £? p ^ 
^VteffiGenetics. Inc. Mountain View, CA). The se- 
qCce of hrpN^ has been deputed* GenBank and has 
been assigned accession number U78834* 

Northern blot analysis. .^_»5«-frfv 
Bacterial cultures were grown to a value of approximate^ 
200 Hett units at 28*C in SYG medium with or without 



Table L Bacterial strains and plasraids 



Bacteria 

EnwuflcartKOTona subsp. carotovem 
71 

AC5006 
AC5041 
AC5047 
AC5070 
AC5090 
AC5093 
Pjeiukmonas syringae pv. nil* 

Pspl 
Escherichia coU 

DHSa 

HB101 

M8820 

POI1734 

VJS533 



Wild type 

Lac" mutant of 71 

RsmAT, EMS mutant of AC5006 

OhT derivative of AC5070, RsmA'. Kirf. SpC . 
Ohl" derivative of AC5041. RsmA". Knf 

Wild type 

MOlatZ MIS. JUxZTA^n V169 IM recAl t nMl tht-1 
praAl IccYhsdSWrB- mF). r*cA56 rpOM 



R eference or source 

Zink etaL 1984 
Mura* etaL 1991 
This study 

ChattcrjcectaL 1995 
ChattetjeeetaL 1995 
Oiatterjee etaL 1995 
This study 

A.J.Novacky 

BRU Frederick. MD 
ZinketaL 1984 
CastflboetaL 1984 
CastflhoetaL 1984 
Gray and Grecnberg 1992 



SS^Ln OAKC852. aW/::MudL TC 
S^^taunng ft**, from genonuc library of Bcc71.Tc' 



P AKC852 
pAKC863 
pAKC880 
pAKC921 
pAKC922 
pAKC923 
pAKC924 
pCL1920 
pCPP2172 
pLARH 
pRK415 
P RK2013 
pBJuescriptSK+ 

pHV200 ' Frameshift mutation ot iuxi mv^Z^^L^—— — 7^"^ 
F^ 001 ■ " ; nw-W-r3-oxohexanoyl>L-homosenne lactone, designated 

al. 1995). 



SpcF 
Tc* 

MobMraMCirf 

tCkb to DNA in pB1822. Ap r 
Frameshift mutation of luxl in pHV200, Ap_ 



Chatterjee et al 1995 
This study 
Cui etaL 1995 
This study 
This study 
This study 
This study 

jjerner and Inouye 1990 
Bauer etaL 1995 
Keen etaL 1988 
Keen etaL 1988 
Hgurski and HelinsW 1979 
Stratagene,LaJoUa,CA 
(3ray and Grecnberg 1992 
Pearson etaL 1994 



as Hsl in our previous pubU- 
a hrpNg* homolog (Bauer et 
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host-specific plant P"" 1 "* Mitiv e response CBWJ > » 

tor, b.rpln*. ^J*.™ pv. syring" « 
internal fragment of »• * ^ rVom F. *• P* « I J' e,fl * 
'„„ »sed to done *e * J Z ;°f^ n) , nd ? . pv. tomnto 
race 4 (bacterial bUght^^ ^^ ^ 

DOOM (bacUrial ™ ond ORF in a polyas- 

tronic operon. The amiwi ^- ^^ 7 q and 63^, 



,e amino aoo *' . .. 

and HrpA^A„r« 91 «« t0 knoW » protetos. 
n HrpA sequence showed » fif 0ie downs**^ 

In contrast, the P**?"' ? . p v. tomato, hrpB, 
ORFs m T. s. pt. *JJ M KLTl ryta g levels of similarity 
SpC, nipD, »* ^ ^d^These are colinearty 
to those of »5C/, Wj^JcJi of ftninto spp. 
arranged genes in the *C : » virulence proteins 
trTtovolved in the seen *onrf JjYP^ rf ^ Y ^ 
ri. the type HI gljjj J» prisons with the 
telns was generally stronger ^. r ve re purified 
p\. tomato Hrp P^ .^^tog proteins followed 
b» beat denaturation of C °"^ D " ^phobic chroma- 
£ rSnomon. sulfate protein. 
toeraphy. and g«i ^f^t^ none of them elicited 

ut h 0 rA.Collmer.E.m»l«2®co« n eU.e < ta 
CoftespoIKiing'»• thor ■ A • , " 



Pathogenic ^^Sa^-p^S 
lw0 patterns of ^ ros "jJ^ . Orotic lesion often do- 
. susceptible C^^^SS^ „ ^ 

velops over » penod of da *^™^ disease d. Onarcsis- 
oactSa multiply and **£ZS£jE& * educed 
unt or nonhost plant, a '^"S^plicafion is inhibited. 
wit hin 24 to 48 h. and {^^"Kg Wctncnt et «L 

1964), who ? b$e £* J£j£to an incompatible plan? they 
genie bacteoa are 'T^'T,^^ lo the infiltrated area. 
eUcitavUiblenecro^wm^uiujO ^ 

This reaction, called *»*2JJ31*» of anti-mictobtol 
vo,ves localized ce I death *J 199 4).The 
compounds at the site of ^SeTnSa^ge»uc. gram- 
ability of P. ,£Stt ft. HR is go venvrfby 

negative, bactenal fffgg^ pWotropically defective 
SSmyS oo?eb^n?HR « nonhost and U*y fa* 

on n^P^^S^h^Sxed extensively famf. * 
have also ^f^^ff^ocecnun GM1000, Xon- 
pv . p/wueolicolo NPS3V21. r ^^TZ^j. d Erw Wo amy 

also encoded by hrp genes. rixed was harpins. 

Tl= f«t Reeded f^^S elicit have 
from £ omyiovon. , uoing P . 5 . pv ay. 

since been isolated from o^actenj ^^fcani 
n„ 2 oe 61, « iolflnocwrum GM11000. an 

Vc4.3.Na5,1S96/n7 
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^I^ 21 ^??™!^" inference to the hrp 
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na ce a rumhrpcluswr v downstr «m of * ^ 
al. 1994). There «^"°» e A ope»n*J*«J effe ct on 
To either the ^i, g crtf do not have it pO * ^ rfot . 

to coons*. » ("^"hoffl, ii*»»n« *" 

However »t « d «n Dorvh ost plants because^ * £ amy- 

harpine, >«» host ,T hosB of P. *• P* Preparations of 

saceous Pla««. ^pond poo* -»£g» l993) . 

tovora Ea32l. JJJ*^ (Wei et aL 19». » ft ^ 
any of ^2,^ does ncs of petunia 

popAl ^ m Joeing an HR on »«"Jb£ UneS of pe- 
specific ^ c VSacco. but not oosuscepW* 
,£dthe nonhost tob.ee . l994 ). Tins ph^otyi* u 

^nia or tomato (JJ^popAl U distinct ^J""^ 

» ** of ."JESS" ' » di * cdy ali Se %£$l**r 

Harpine* ( 2 1 " t ? to the other three o 0 f 
SOntheml mav Zt ** re P rcsenlaUVe t 2 S 
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^ Jp s pv. to""" 0 R * P L2\«to took within 
SSii these three P^ c^us ^ ^ 

which could indicate a tt flanking « * 

Son. we character the endreh^ 

eronofF.i-P Y - ro . ^ completes the seq«« 
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that expression was low due to the distance of the tloned 
gene from the lac promoter or that HrpZhg and HrpZ* did 
not hybridize strongly to the antibodies. A band correspond- 
ing to HrpZfc, from pSYHIO could be clearly seen on a 
Coomassie-stained geC but the bands for HrpZ*, and HrpZ* 
were indistinct, which implies that low expression was a pri- 
mary reason for the low signal In an attempt to improve the 
level of expression ofHrpZ^ and HrpZ* we subcloned fboRI- 
BamHI fragments containing the inserts from pCPP2202 and 
pCPP2203 behind the T7 promoter of pET21(+) in £ coli 
BL21(DE3) to create the plasmids pCPP2206 and pCPP2207. 



The T7 promoter enabled a moderate improvement in protein 
expression (Ftg. 2, lanes 3 and 5). ' 

A common arrangement of ORFs in the hrpZ operons of £ 
S. pv. syringae, P. s. pv. gfycima, and R g* p>. tomato 
vealed by DNA sequence analysis. 

Previously, we determined the complete nucleotide se- 
quence of hrpZ from P.'S. pv, syringae by sequencing a t.4-fcb 
subclone of pHDU! (a cosmtd containing the entire krp 
cluster from R s. pv. syringae) (He et al. 1993). In addition, 
analysts of the complementation groups and transcriptional 
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Fig. 1. Physical mops of the htpZ regions from Pstudomonoi lyringat pv. syringae 61. £ jr. pv. gfycuiea race 4, and P. «. pv. (a'jnato DC3G0O snd clones 
used in (his study. Open boxes represent sequenced ORFs; filled boxes represent unsequenced OKA. Direction of transcription is indicated by the snows. 
Key restriction sites within the sequenced regions are indicated, aloof with the subclones used in this study. The 0.75-tcb BslXi fragment from hrpZn, 
used as a probe for hrpZ genes in other pathovars is also shown. Restriction endonuclease abbreviations: A. A%tV; B, Bg /II; Bx, fljtXl*: E, £coRl; EV, 
EcoRV*; P. Pxrt: S, Jael; Sa. Sa«3\", Si, Sell*. ♦ Not all sites are shown. 
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syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
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tomato 

syringae 
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tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 



TTTTTTGCAG AAGATCTWiA ACCGATTCGC GGACACATGC CACCTAGCTG 
TTTTTTGCA. GAGCGCTGGA ACGGATTTAA GGGTCGTTAC CACTA TCTa 
TTTTTTGCAA AGACGCTGGA ACCGTATCGC AGGCTGCTGC CACTAGTGAG 

TACCAAGCAA TTACGCTGGT ACAGACGAAG GGgTATGACG TljHB--- 

TACCAAGCAA TTACGCTGGT ACAGACCAAG GGGTATCACG TT^Jl 11 

TACCAAGCAA TCACGCTGGT AAATCTTAAg GGGCATCAAA TcJl|f II 



— 321bp- 

-hrpA --321bp- 

--336bp- 




: ^STTTCTTO. ACGCCCCTTC 
STTTCTTGA ATGCCCCCAT 
TATTTCT GATTGCCCCC 



ATACCTGAGG GGGCTGCTAC TTT TAGGAGG TTGTO. 
CACACAGAGG GGGCTGCTAC TTTG AGGAGG TTGTO ! 
TCATCAGAGG GGGCCGCTAC CTTGGGATGG GCG 
m> <mmm ■«■» 

1020bp-- 

hrpZ--- — 1032hp-- 

- llt>7bp— 



•»••«•< 



gCCGACAA CCGCCTGACG GAGAACTCAC 
\TAC CCGCCTGACG GAGAA CTCAC 
:TGACAG CCGCCTGACfi GAGAA CCAGT 



— 369bp- 




-hrpC-- 



--801bp--- 
incoraplete 
— BOlbp— - 



GACCTGACCG CCGAGGACTA TTGGACTCAG 

~~ " WMSm AGCCTTTCTG CCGAGGATCA CTGGATTCAC 

TGGTGGTGCA ATCCCTGGCC ATGGGCGCAT CCGGGCTGGC AAAGCCGGTT 
TGGTGGTGCA ACCCCTGGCA GTGGGCACAT TCGGAGTGGC ATGACCGATT 

CGCCGAGCGC TGCGGACTGA CCGTCAGCGA ATG TGAAG CC CTT$$ 
CGCCAACGCT CGTGGGTTAT CGGTCAGTGA CTGCGATGCG CTC 



-hrpD — 35^bpiT--.- u:, 

39$bp— 



--HI 3 ™ 7 - -CCGCTCCTC TCTGCACCAG GAATTCTCCC 
VTCCG AACCAGCTTC TCTGCATC&g GfifcTACGCCC 



— hrp«— 



•-57Sbp- 
•-576bp- 



AACAGACT . 



C TTGCGGCGAA AATWiAACCG CTCCACCTGT 

TACACACTCT CTGCACTCAC TTGATCGCAT GATGGAACCG CTCGGCGGGT 



i! 



i 



syringae TTGCTCCACT CAAGGTTTGA ACCTTTCTGC TGGAGTATCA GGACATG 
tomato TTGCTCCACT CAAGGTTTGA ACCCTTCTGC TGGAGCACCA GGACATG 

Fig. 3. Nucleotide sequences of the noncoding regions of the hpZ opcron from Pseudomonas syringe* pv. syringae R ? nv *h«W mid P i nv ^ 
mm. Re sequence, flanJdn* the six ORF, of *e hrpZ operon we* aligned using the HUUP dgoHthS, (^te Co^& £ R 1* £ £ 
nngas and R J. pv. tomato the sequence extends from immediately downstream of hrpS to the end of the operon. For Rs. pv. glycinea the sequenced 
region terminates at the beginning of hrpC The proposed jmtiation and termination codons are highlighted for each ORF Thmhn/avr t*mrJ*TZ 
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at 1990) did not find significant homology to any other bac- 
terial proteins, with the exception of a single, glycine rich re- 
gion found only in HrpZW (Fig. 4). This stretch of 24 amino 
acids has homology at both the nucleotide and amino acid 
level to a region of the host-specific clicitor PopAl from R 



solanacearum, as shown at the bottom of Figure 4. There is 
no overall similarity of the amino acid and nucleotide se- 
quences of HrpZ to the HR eltcitors characterized from £ 
amylovora, £ chrysanthtmi, and P. solanacearum except to a 
degree accounted for by their similar composition. 
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<^CX»CATCGGCX«KOTGCCOOTCCCCOTGGCAT 

i ii i iiiiiiiimiiiiii iii ii iii ii tin i ii ii ijii iiiim I | 

Rg. 4. Alignment of ihc protein sequences of HrpA and HrpZ. The predicted protein sequences of HrpA and HrpZ from Pstudomonas syringae pv, iy- 
ringae, R s. pv. glycine* and P. J. pv. tomato were aligned using the PILEUP algorithm (Genetics Computer Group). The alignment of a unique glycine 
rich region of HrpZftt with a homologous region of PopAl from P. solanacearum is also shown. 
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The predicted HrpA protein t Rs.pv. tomato 
difTers substantially from thai of R s. pv. syringag 
and R j. pv. glycinea. 

The first ORF of the hrpZ operon starts 50 bp downstream 
of the conserved hrp/avr promoter motif, as shown in Figure 
3. The predicted product is a small (11 kDa), hydraphilic 
protein with a hydrophobic N-terminus, An alignment of the 
amino acid sequences from all three pathovars is shown in 
Figure 4. Although the predicted sequences of HrpA from R 
j. pv. syringoe and P. s* pv. glycinea are highly conserved* 
with 92% similarity and 91% identity to each other, HrpA 
from P. i. pv. tomato is quite divergent, having only 42% 
similarity and 28% identity to HrpA from R j. pv. syringoe 
The presence of a ribosome binding site and the highly con- • 
served character of HrpA in two of the three pathovars sup* 
ports the hypothesis that HrpA is translated. 17 polymerase* 
dependent expression of hrpA (described below) provides 
further evidence for production of a HrpA protein. Cell 
iysates of £ coli expressing only HrpA did not elicit the HR 
on tobacco (data not shown), which suggests that it docs not 
contribute directly to the HR. The role of HrpA in the bacte- 
rium is unknown, and it shows no significant homology to 
any previously characterized proteins. 

17 expression studies* 

To confirm the production of proteins corresponding to the 
two sets of newly cloned hrpA and hrpZ genes, the Bg[Q-Ps& 
fragments from P. s. pv. glycinea and R s. pv. tomato were 
subcloned into pET21(4) and the products specifically la- 
belled by T7 promoter/polymerase-dependent expression in 
E. coli BL21(DE3) cells incubated with [ 35 S]-methionine 
(Studier et al. 1990). Radiolabeled proteins in the cell lysate 
were analyzed by SDS-polyacrylamide gel electrophoresis 
and autoradiography (Fig. 5).. Lysates of cells containing 
p€PP22U displayed unique bands which corresponded well 
with the predicted molecular weight of HrpA (11.5 kDa) and 
were consistent with the previously observed mobility of 
HipZp„ (Fig. 5, lane 2). Lysates of cells containing pCPP2210 
contained bands corresponding to HrpZ-^ (36 kDa) and HrpA 
(11 kDaXFig. 5, lane 3). No HrpB band was visible in the 
products of DCPP221 1 (Fig. Ian* 2), hut this could poten- 
. dally be attributed to the omission of cysteine, which is not 
required for HrpA and HrpZ synthesis, from the ammo-acids 
added to the reaction mixture. T7 expression of HipB was 
independently confirmed for both R s. pv. syringoe and R s. 
pv. tomato using a 0.84-lcb PsfL-Agel fragment of pHIRl 1 and 
the 3.7-fcb Sacl-EcoXI fragment from pCPP2209, subcloned 
into LITMUS 28 to construct the ptasmids pCPP2303 and 
pCPP2304. 17 expression in £ coli BL21(DE3) cells was 
performed as outlined above and in Figure 5. In each case a 
protein of about 13 kDa was observed, which corresponds 
well with the predicted molecular weight of HrpB from each 
of the two pathovars (data not shown). In an accompanying 
study Huang et al (1995) have confirmed the production of 
proteins corresponding to HipC, HrpD, and HrpE from R & 
pv. syringoe 61. The similarities between the three pathovars 
suggest that the equivalent ORFs in R s. pv. glycinea and P. s. 
pv. tomato also encode proteins. However when we inde- 
pendently confirmed the production of HrpD from P. s. pv. 
syringae 61 using a 1.3-kb Sall-Sacl subcJone from pHDU 1 
cloned into pT7-6 (pCPP2305) our results suggested the use 



of an alternative initiation codon to make a larger (21 kDal 
HrpD^rotcin (data not shown). In the absence^ £■£ S 
^some binding site at either of the putative initiation *d 1 
the exact size of HrpD remains uncertain. 

The four ORFs downstream of hrpZ show varvin* 
. similarities to Yersinia Ysc proteins. W 

The krpC, HrpD, and hrpE genes downstream of hrpZ in P 
s. pv. syringoe 61 have been sequenced Se Swtaf 
Kientified using T7 polymerase^endent « n £ 
etal 1995). TVo of the prcdict^^ 
were shown to be homologous to the proteins YscJ and Y«e? 
respectively, which ate encoded in the virC operon of 
tnttrocolitica and ate involved in the type DI secretion 
way (Michfeis et 1199 1). Homoiogs JRS C£ S£ 
found in Athrp clusten of several other phytop«hog«S 
bactena, mcluding P. tolanaceanon and X L*pS£ 
(Fenselau et al 1992; Gough et al. 1992). Additional h£ 
™? Salmonella typhimurium FUF and Rhkoblum 
fitdu NolT (Jones et al. 1989; Meinhanlt et al I993Y The 
same four downstream ORFs are found in P. pv . tomato 
and the paruai sequence of the operon from/!,, pv. gl™^ 
confirms the presence of the first two of these ORFs AnrS 
and hrpC, in this pathovar (Fig. 6). 

HrpB is fairly conserved in all three pathovars, as shown by 
the alignment presented in Figure 6. It encodes a small serine- 
nch proton of approximately 13 kDa. BLAST searches using 
HrpB from either R *. pv. syringoe or * pv . glyclnea 
ufied no significant homologies, but a search using HrpB 
from R * pv. tomato identified similarity to the Yersinia pro- 

* " 15 amino acids lon «- «"» slightly shorter 

than HrpB (127 amino acids), ysd lie, immediately upstream 
of yscJ in the wC operon, which suggests that the down- 
stream ORFs of the hrpZ operon might be colinear with a re- 
gion of the virC operon. 



kD 

79.5 — 
45.0 — 
36.0 — 
26.9 — 
18.0 — 

7.7— 



1 




5*u V P° | y racrasc - <ic P c « i Ocni expression and radiolebeliaf 0 f HrpA 
andHipZ. T7 promotcr/potymcrmsc expression wis carried out mint the 
PET2K+) vector system in £ coli BL2t(DE3). CeiU were grown to LM 
to an ODmo of 0.5, then cenlnfuged and suspended in M9 minimal 
medium supplemented with 0,01% amino acids (lacking methionine and 
cysteine), glucose and thiamine. Cell* were incubated at 30 # C for 3 h 
and then induced with 1 mM IPTG for 10 nun. followed by incubation 
with nfampictn at 300 ngVml for 30 min. Cell* were incubated with 10 
Hd ( w S]-methioninc for 10 min, lysed in SDS-loading buffer, and the 
proteins were separated by SDS-polyacrylamide electrophoresis and 
visualitcd by autoradiography. £ coli BUl(DE3) cells carried the fol- 
lowing ptasmids in lanes: I, pET21(+); 2, pCPP22H; 3. PCPP22I0. 
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The apparent colinear arrangement of this group of hrp and 
ysc % nes led us to inspect the P. s. pv. syringae and P. & pv, 
tomato HrpD proteins for possible similarity to the Yersinia 
spp. YscK proteins. The similarity between the HrpD of E s. 
pv. syringae and K pseudotuberculosis was the highest, with 
28% of the amino acids identical and 57% similar. The HrpD 
and YscK proteins are of similar overall composition, and 
they lack any predicted transmembrane segments. However, 
there is a striking discrepancy between the sizes of the two 
proteins. HrpD is only 133 amino-acids long, whereas YscK 
from £ pseudotuberculosis is 209 amino-acids long. From the 
T7 experiments described above it is important to note that in 
the absence of a strong ribosome binding site, the precise ini- 



tiation codon of the hrpD ORF is uncertain; it is conceivable 
that hrpD actually initiates immediately downstream of hrpC, 
at the ATG codon which overlaps the -stop codon of hrpC 
which would yield a predicted protein of 176 amino acids for 
HrpZ* or 175 amino acids for HrpZ*. in an arrangement 
similar to that of the yscJ and yscK ORFs in Yersinia spp 
However, mis codon and all other potential initiation codorts 
upstream of the one we have chosen lack ribosome binding 
sites, and the pattern of codon usage suggests that the inter- 
genic region is not translated. 

Although the similarities between HrpB/YscI, HrpD/YscK. 
and HrpE/YscL are lower than those involving HrpOYacJ 
the similarities of HrpB/YscI and HrpE/YscL are clearly in- 
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dicative of probable homology as based on a difference be- 
tween Ac scores for the optimized and the average of 100 
random Gap alignments being at least 5 times the standard 
deviation for the randomized alignments (Doolittle 1986). 
The scores for RrpD/YscK lie at the margin of significance 
by this measure. However, the varying levels of similarity are 
consistent with the divergence observed between Hrp proteins 
from different P. syringae pathovan and between Ysc pro- 
teins from different Yersinia spp. The results for HrpB.C and 
E lend support to the weak homology of HrpD to YscK and 
suggest that hrpB. hrpC, HrpD, and hrpE are colinear with 
ysc! . ysc J, yscK, and yscL 



In a recent report Van Gijsegern el aL (1995) observe that 
the R solanacearum GMI1000 hrp cluster also encodes ho- 
mologs of YscJ and YscL but not YscI and YscK. It is possi- 
ble that with relatively divergent Hrp sequences, similarities 
with Ysc proieins may be found only after examining the se- 
quences from several plant pathogens. It is interesting to note 
that there is no ORF following hrpE that is homologous to the 
protein encoded by the final gene of the virC operon, YscM. 
However, the krpZ operon lies immediately upstream of the 
hrpH operon (Fig. I), and HrpH is a homolog of YscC. a se- 
cretion protein which lies upstream of yscIJKL within the 
virC operon (Michiels et aL 1991). This suggests that a sig- 
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mficant proportion of the virC operon is conserved in P. sy- 
. ringae, albeit in a rearranged form. Eclchardt (1978) geb of 
total DNA, Southern-blotted and probed with a 0.75-kb BstXl 
internal fragment of hrp2^ % suggested that the hrp genes are 
chromosomal in the three strains of P. syringae studied, rather 
than being plasmid-bome as are the hrp genes of P. sclana* 
ceanun GMI1000 or the ysc genes of Yersinia spp. (Vui 
Gijsegem et al 1993; data not shown). The homologies of the 
hrpZ operons are summarized in Table L 

Overcxpression, purification! and biological assay 
of HrpZ*, and HrpZ^ 

Partially purified lysates of £ coli expressing HrpZ* and 
HrpZ*, elicited a clear HR on tobacco while control lysates- 
of £ coli containing vector alone did not However the activ- 
ity of the cell lysates on the two host plants was more am- 
biguous. Soybean is generally unreactive to cell lysates from 
either pathogen, while tomato is quite sensitive and some- » 
times weakly reactive not onty to ceil lysates of £ coll ex- 
pressing HrpZ, but also to control lysates of £ coli contain- 
ing vector alone. To accurately evaluate the biological prop- 
erties of HrpZ from each of the two pathovars, it was neces- 
sary to purify HrpZ. It was also necessary to ascertain that the 
HR observed on tobacco was due solely to HrpZ and not to 
the products of either of the two flanking ORFs, HrpA and 
HrpB, since HrpA and a fusion protein of HrpB were being 
expressed in addition to HrpZ by the original hrpZ*. and 
hrpZm clones. 

As a first step towards purifying HrpZ, we attempted to in- 
crease the level of expression: From the sequence of the Ps& 
clones encoding hrpZ it was clear that long stretches of DNA 
encoding hrpA and the 3' end of hrpS (1,144 bp in hrpZf* 
PCPP2202 and 809 bp in hrpZ^ pCPP2203) separated hrpZ 
from the \ lac promoter in pBluescript TL A scries of deletions 
of the 5* end of the hrpZ^ clone were constructed using the 
Erase-a-Base system (Promega), bringing the lac promoter 
within 100 bp of the krpZ initiation codon, and removing 
hrpA. Although cell lysates expressing the deleted clones re- 
tained HR eliciting activity, they did not show a substantial 
increase in gene expression. Searching for an explanation for 
this behavior we identified a number of potential contributing 



factors. Be first possibility was the presence of a c«-actinE 
sequence combed n the 100 bp remaining upstre^f 
J^Z*. Using a terminator analysis program we identified a 
9-bp inverted repeat located between hrpA and hrpZ (Fig 3 J 
A though tfns repeat lacks the AT-rich sequence dowWJeS 
which is characters of many terminators, it is possible^ 
. .ts presence encourages premature transcription termination 
Similar repeats, albeit with weaker secondary structure, ^ 
be found upstream of hrpZ^ and hrpl^. A secowHJtor 
contributing specifically to the low e*pr«sion of^STSS 
be the absence of a strong ribosome binding sit* S 

SSS 55? rc,ated to * e 

hrpZ genes torn both pathovar, were ampUfieSy S £ 

obtoined ^ficantly increased «- 
pression of HrpZ,,, using the plasmid pCPP2255 (Rb.T> h»r 
unexpectedly, overexpression of Hrpz£.pp«^ to JdeS 

of HrpZ* under these conditions, we introduced subclones 
containing the gene behind the T7 promoter of pETtlM 
(Novagen, Madison. WI). Unlike the lac pronSuS^ S 
promoter is less sensiUve to distance effects, and expression 
of HrpZ* m £ coKBL2l(DE3). with P E17I W asSe^SoT 
resulted in .ncreased expression as shown in Figu« l^f 
Express™ u» BU1(DE3) also allowed us to retain ataolt 
complete repression of hrpZ until induction with IPTG Good 

and to obtain a more concentrated sample of protein, weft^ 
mer purified HrpZ by ammonium- sulpLe pSS^ £ 
hydrophobic chromatography, whlchas indicated to Sri? 
yjeJded a distinct band on a Coomassicstained geL fS 
acti ve HrpZ could then be obtained by electroltoeontem 
excised gel slices. This procedure JST^TJo^ 




1 Number of amino acids in the protein is given in pareau» 

' Percent identical and siiwlv amino arid* in comparison with the P. s. pv. syringa protein * 
The fir* pair of value, ait the percent identical and similar amino acids inwnwai^Sth iW , „ 

with P. j. pv. tomato. comparison with the P. s. pv. syringe* protein; the second are in comparison 

The dau presented here are for the shorter of the two ootenti&l nRP« M^riu. i^n ^ . 
**P~ would be rc.p.^^ 
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HrpZ Urn *e USjtf £ C 
^ycfwfl grown in *^"™" n | tein$ from /» pvs. ay- 
Preparations of the P/"^ a conation of 220 pM in 
rin««. «iyc^ fl . ^fT"? intS the leaves of tobacco, soy- 
MES t.ffc, were ^^'^Sed » collapse in- 
bcan. and tomato. The Arc ^twu« ^ 
volving >50* of the »nfil«t«J ical 0 f iheHR 

>-ves that ^&^^3^Si they caused 
licited by incompatible R ^ tobtcc0 

„o visible reaction in ^ Seir sensitivity » 

and tomato plants vary ^^me leaves on sensitive 
harpin preparations. Fo« ^example, some wa20|lM .. 
tomato plants will respond »*>**°> 
is required ^ consistent results. Furtoerm^ 

tot i plants that have respc » d ^^nSons c-Mhe 
preparation do not ^^SS Observed werede- . 
elicitor. The spunous necroses »^ ^ inffl . 
duced to result from ^^^TonSninaS with 
nation or me infiltrate o ^^^0^ control £. 
salts r containing Mh«^ n « ° much ^ qaic kly 
coli lysates. These j^^^S and patchier than the 
(within4 to 6 h), ™" Ch ^Xt "at the HR induced 

'confluent HR elicited by "^^J^Sponse of host 
by HrpZ in «o-*---2 eitiTsodhun va- 

^^S^JKS caused by the other 
factors mentioned. 

DISCUSSION 

, , p , DV syringae 61 ArpZ gene to isolate 
We have used the P.s P* *nng £ md , v? 

^ffiSf Sl^oKe HrpZ genes, product 
mflto ^^TTTLj pathovars has revealed the 

^ don among 

kD 1 2 



ORFs within the peron. the presence of genes downstream 
of hrpZ that are coUncar with a block of, genes involved witn 
Yersinia virulence protein secretion, and the presence in 
HrpZ*, of a sequence related to a sequence in the PopAl 
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■Coomassie stained SDS^ly^tamrfe^ ^^^mi 
tmcted with Snataclean n^n (Sw^roe). 2. n« unmoniuin 
exweted with Stntaclean resin (Stratagene). J. u < 30 „ 40* am- 
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protein of the tomato pathogen R solanacearum- GMII0O0. 
We also observed that purified HrpZ* was-*t least as effec- 
tive as HrpZp» and HrpZ* f in eliciting an HR-lfce necrosis In 
the leaves of tomato, a host of R si pv. tomato DC3000, 
whereas none of the HrpZ preparations elicited significant 
necrosis in soybean, the host of R j. pv. glycinea. 

The HrpZ proteins of three R syringae pathovars. 

A comparison of the sequences of the three HrpZ proteins 
with each other and with HR eiidtors characterized from 
other bacteria indicates chat the HrpZ proteins represent a 
distinct family of eliciton that is conserved among R syrin* 
got pathovars. The amino acid sequences of the three proteins 
are sufficiently similar to reveal their relatedness, but (with: 
the exception of a sequence within HrpZ?*), they show no 
significant relatedness to clicitor proteins from other bacteria. 
Interestingly, hrpZ is the second most divergent ORF in the 
hrpZ operons of R s. pv. syringae and R jr. pv. tomato, with* 
only 63% of the predicted amino acids being identical. Never- 
theless, HrpZr*, HrpZ*,, and HrpZ*, are indistinguishable in 
several biological and physical properties. They have the 
same effect on different plants (discussed below), and they are 
heat stable, glycine-rich, and devoid of cysteine and tyrosine. 
The lack of tyrosine is a feature they differentially share with 
the R solanacearum PopAl protein but not the Erwinia 
harpins. This property has been speculated to allow the pro- 
tein to avoid the Hi0 2 -mediated cross-linking of tyrosine 
residues that may occur in plant'cell walls during defense re- 
sponses (Bradley et a! 1992; He et al. 1993). 

Interestingly, a 24 amino acid, glycine-rich stretch of 
HrpZpa shows homology to pan of PopAl, as does the cog- 
nate nucleotide sequence. The region of homology between 
HrpZp* and PopAl corresponds exactly to the insertion in 
HrpZf*. The insertion of this element within HrpZ* se- 
quences that are otherwise similar among the three HrpZ 
proteins suggests horizontal transfer and a common ancestry 
with PopAl. Because the host range of R solanacearum 
overlaps with that of R s. pv. tomato, it is tempting to specu- 
late that this region has some particular significance to patho- 
genesis on tomato, although, as discussed below, &?• is not 
obvious from the different effects of the two proteins on tomato. 

The presence of this insert in active HrpZ*, is another indi- 
cator of the apparent plasticity of structure/function relation- 
ships in these glycine-rich elicitor proteins. That significant 
changes to the structure of these proteins does not abolish 
their activity was previously demonstrated when a fortuitous 
hrpZto clone was found to produce an active derivative of 
HrpZ missing the N-terminal 125 amino acids, and the popA 
product was observed to be degraded in culture to an active 
form missing the N-terminal 93 amino acids (He et aL 1993; 
Arlat et aL 1994). Clearly the presence of this "additional" 
internal sequence does not dimmish the ability of the protein 
to elicit the HR. In fact, although it is difficult to make a 
quantitative assessment, HrpZ*, may actually be a slightly 
more potent elicitor of the HR man HrpZ*. 

However, HrpZp* appears to differ from the other HrpZ 
proteins in being deleterious to E coli cells when overex- 
pressed and is possibly more unstable, malting if difficult to 
purify large amounts of the protein. Since the glycine-rich 
region is the most obvious difference between HrpZ*, and 
HrpZ*, it is possible that it contributes to this phenomenon. 
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We were able to overcome this problem experimentally by ! 
using a tightly regulated T7 promoter/polymerase system, but ! 
never obtained quite the same level of expression we achieved ! 
with HrpZ(»„ and HrpZ^. However, there remains the obvious | 
question of how HrpZ toxicity is avoided by R j. pv. tomato. I 
One possibility would be that HrpZ is never expressed at lev- ! 
els high enough to affect the bacterium, even when it is in- j 
duced in planta. Some indirect evidence for this hypothesis is ; 
provided by our examination of the DNA upstream of hrpZ^ ! 
The ORF has a weak ribosome binding siteTand we also ob- j 
served that expression of cloned hrpZ from the lac promoter i 
appears to be attenuated by the presence of dr-acting up- j 
stream sequences. A 9-bp GC-rich repeat upstream of hrpZ 1 
may be significant in this regard. Preliminary data from 1 
northern blotting experiments also indicate that premature ! 
transcription tennination may take place when hrpA-hrpZ 
clones are expressed in £ coll (G. Preston, unpublished). A ! 
second possibility is that the location of the hrpZ gene in an 1 
operon with secretion genes ensures tight coupling of syn- 
thesis and secretion. Genes encoding extracellular proteins 
and secretion pathway components are often coregulated, but 
with a few exceptions involving the type I pathway, they do 
not lie within the same operon (Fath and Kolter 1993). A 
third possibility is that R s. pv. tomato is more tolerant of 
high levels of HrpZ than is £ co/i, or it possesses a means of 
keeping HrpZ in a nontoxic form while it is in the celL \ 

Further comparison with the Yersinia virulence system pre- 
sents an intriguing possibility in this regard. It has been 
shown that secretion of certain "Yops* (the Yersinia patho- 
genicity determinants), involves chaperone proteins, small 
hydrophiiic proteins which help keep the Yop protein in a 
translocation competent form and help target it for secretion 
(Wattiau et al. 1994). The genes encoding each chaperone are 
located adjacent to the gene encoding the corresponding Yop. 
Given, the presence of several small ORFs of undetermined 
function in the pHDUl hrp cluster, it is tempting to speculate 
that one of them, particularly Jt/pA, might encode a protein 
with chaperone function. There is a superficial resemblance 
between HrpA and Yersinia chaperones such as SycE. They 
are all small, hydrophiiic. cytoplasmic proteins which lack a 
signal sequence, but there are no specific homologies. We are 
now constructing nonpolar mutations to test the role of HrpA 
in secretion. Preliminary resufcs' suggest mat HrpA Is not re- 
quired for £ coli MC4100(pHIRl 1) to elicit an HR or secrete 
HrpZ (J. R. Alfano, unpublished), but in chaperone-mediated 
systems limited secretion of a protein will usually occur even 
in the absence of its chaperone* so it may be necessary to look 
quantitatively at secretion and accumulation of HrpZ to assess 
whether mutations in hrpA or other hrp genes have an effect 

The colinear relationship between several 
hrp and ysc genes. 

From the sequence of the hrpZ operon it is clear that the 
parallels with the Yersinia type HI secretion pathway extend 
beyond homologies of individual genes. The four* genes 
downstream, of hrpZ. hrpB-E % appear to be arranged coline- 
arly with the region of the virC secretion operon from 
Yersinia that encodes Yscl-L, The virC operon is a large op- 
eron containing 13 genes, yscA-yscM> several of which have 
been demonstrated to have a role in Yop secretion (Michiels 
et al. 1991). Of the four Yersinia genes with putative ho- • 
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moiogs in the hrpZ operon, only yscJ and yscL art known Co 
have a role in secretion. An accompanying paper shows that 
five more hrp genes, downstream of the hrpH operon, are 
colinear with the yscQ-U gents in the virB operon of Yersinia 
(Huang etal 1995). 

It appears that a significant proportion of the type III secre- 
tion pathway described in Yersinia can be identified in R sy> 
ringae, and it seems likely that increasing parallels between 
the two systems will be found. In both systems the secreted 
proteins are involved with early events in the interaction with 
the host, and expression of secretion genes and virulence 
proteins is tightly coregulated. The secretion pathway seems 
to function in a similar way, as in both cases secreted proteins 
lack an N-terminal signal peptide and are not posttransla- 
tionally processed 

HrpZ and host specificity. 

The function of KipZ in compatible interactions is unclear. 
A likely role is the release of nutrients to the apoplast Atkin- 
son and Baker (1987a, 1987b) have proposed that the alka- 
linization of the apoplast caused by Hrp* bacteria (which oc- 
curs at a siower race in compatible interactions) results in the 
leakage of sucrose and other nutrients to support bacterial 
growth. One of the key unanswered questions regarding the R 
syringae HrpZ proteins is their role in host specificity. Com- 
patible interactions leading to disease are distinguished by the 
absence of the HR. Host-differential elicitor activity would be 
one way to reconcile the production of HR-eliciting proteins 
by R syringae and the phenomenon of host-specific com- 
patibility. The failure of the PopAl protein to elicit the HR in 
tomato, a host of R soianacearum GMI1000, supports this 
concept (Ariat et aL 1994). Similarly, the isolated R s. pv. sy- 
ringae 61 HrpZ protein fails to elicit the HR in bean, al- 
though the significance of this is diminished by the fact that 
bean leaves appear insensitive to any hatpins (He et aL 1993). 
To further explore this question, we infiltrated all three HrpZ 
proteins into the leaves of the host plants for each of the 
pathovars. The host plants of R s, pv. syringae 61, and R s* 
pv. glycinea, bean and soybean, respectively, are uniformly 
unreactive to HrpZ from both compatible and incompatible 
pathogens; however, tomato leaves proved to be highly sensi- 
tive to all three HrpZ proteins. Thus, our data argue against 
the hypothesis that host^ifferential activity of HrpZ proteins 
controls the host specificity of R syringae pathovan. 

If isolated HrpZ* elicits die HR in tomato, why does R s. 
pv. tomato not elicit the HR during pathogenesis? One pos- 
sibility is that the response of tomato to HrpZ** is qualita- 
tively different than the response to HrpZ** and HrpZ*, de- 
spite manifestation of die same gross morphology. That is, the 
necrosis elicited by HrpZ* is fundamentally different than 
the HR and does not involve associated defenses that stop the 
pathogen. We are now testing this possibility with probes for 
HR-specific transcripts. A second possibility is that HrpZ* 
production is regulated in a host-specific manner, However; 
hrpZ is clearly part of the Hrp reguton: hrpZ expression is 
transcriptionally linked with genes encoding components of 
the secretion pathway, the hrpZ operons in all three of these R 
syringae pathovan have virtually the same hrp/avr promoter 
sequence, and expression of the hrpZ operon is likely re- 
quired for pathogenicity. Th conserved promoter sequences 
suggests that the hrpZ operon is regulated in R s. pv. giycinea 



and R s. pv. tomato by the same nutritional conditions and 
HrpR, HrpS, HrpL regulatory cascade described for R s. pv. 
synngae and R s. pv. phaseolkola (Grimm and Panopouios 
1989; Rahme et aL 1992; Xiao et aL 1992; Xiao et aL 1994« 
Xiao and Hutcheson 1994; Grimm et aL 1995). Whether dif- 
ferential expression of the Hrp regulon controls host specific- 
ity awaits determination. A third possibility is that the R xy. 
ringae pathovan produce host-specific suppressors of defense 
responses. This is supported by the observation that com- 
patible pathogens do not trigger defense responses in host 
plants that are elicited by nonpathogens (Jakobek et aL 1993) 

It is important to note that our data do not eliminate the 
possibility that the three HrpZ proteins actually have differ- 
ential activity in host plants when delivered by living bacteria 
and that the HR observed may be an abnormal response re* 
suiting from the presentation of a high concentration of HrpZ 
in an artificial manner. In that regard, it is interesting that leg- 
umes, which appear insensitive to isolated harpins, respond to 
Hrp recombinant £ coii cells that secrete the same proteins 
(He et aL 1993). Experiments in which the hrpZ genes of R 
syringae pathovars are switched or altered in their patterns of 
deployment should test more definitively the role of HrpZ in 
determining host specificity. 

In conclusion,- we have characterized an operon containing 
two components of the Hrp 4 system of R syringae—* block 
of secretion-related genes that are conserved in eukaryotic 
pathogens in the genera Pseudomonas, Xanthononas, Er- 
winia, Yersina, Shigella, and Salmonella, and a gene encoding 
an elicitor that is unique to plant pathogens. The elicitors 
found inched syringae pathovars are a subfamily of a larger 
class that appears to be characteristic of plant pathogens, and 
which we postulate to have a role in releasing nutrients for 
bacterial utilization. Our challenge now is to determine how 
the various components of the Hrp system have been adapted 
to serve plant parasitism in the face of plant defenses, 

MATERIALS AND METHODS 

Bacterial strains and piasmids. 

Bacteria and piasmids used in this shjdy are shown in Table Z 
Pseudomonads were routinely grown in King's B broth (King 
et aL 1954) at 3^C, Jnrt for. certain, experiments die hrjh 
dereprcssing minimal medium of Huynh et aL (1989), adjusted 
topH 5.5, was used £ cctfwas grown in LM (Sambrook et aL 
1989) or terrific broth (Tartof and Hobbs 1987), Piasmids were 
introduced into bacteria by transformation (Sambrook et aL 
1989) or electroporadon (Gene Pulser, Bio-Rad). 

Plant materials: 

The plants used in this study were tobacco (Nicotiana 
tabaewn h. 'Xanthii'), tomato {Lycopersicon esculentum 
Mill •Moneymaker'), and soybean {Glycine max L 
•Harosoy'). Plants were grown in a greenhouse or growth 
chamber at 23* to 25°C with a photoperiod of 16 to 24 h. In- 
filtration of plant leaves with HrpZ preparations was per- 
formed with blunt syringes as described (Huang et aL 1988). 

DNA analysis and sequencing. 

All DNA manipulations, except where specified, followed 
standard protocols (Ausubel et aL 1987; Sambrook et aL 
1989). The hrpZ region of pHER.ll was subcloned into 
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pBluescript H (Huang ct al. 1995). Two Pstl fragments of 22 
and 2.4 kb from pCPP2201 and pCPP2200, respectively, woe 
subcloned into pBluescript n SK(-} in both orientations. A 
series of overlapping nested deletions covering both strands 
was generated for each of the subclones using Erase-a-Base 
(Promega, Madison, WI). The deletions were sequenced from 
double-stranded templates using Sequenase version 10 (U.S. 
Biochemicals, Cleveland, OH) and forward and reverse M13 
primers. Sequencing was completed using specific primets 
synthesized by Integrated DNA Technologies (Coralville, IA). 
In addition, the 3.7 and 3.6 kb SacI-EcoRI fragments, which 
overlap the Psd subclones from pCPP220l and pCPP2200, 
were also subcloned into pBluescript II SK(-) and sequenced 
using the ABI 373A DNA sequencer at the Cornell Biotech- 
nology Program DNA sequencing facility and specific prim- 
ers synthesized by IDT. Nucleotide and derived amino add 
sequences were analyzed with the Genetics Computer Group 
Sequence Analysis Software Package (Devereaux et aL 1984). 
Homology searches against major sequence databases were 
done with the BLAST program (Altschui et al. 1990). 

PCR amplification of hrpZ from R s. pv, glycinea 
and R I. pv. tomato. 

The hrpZ genes of P. s. pv. glycinea and R ft pv. tomato 
were amplified by PCR from the plasmids pCPP2202 and 



Table 2. Bacterial strain* and plasmids used in this study 



pCFP2203, respectively. Reactions were performed using the 
PCR Optimizer kit (Invitrogen, San Dieg , CA) according to 
the manufacturer's instructions. Reactions, were overlaid with 
mineral oil and incubated in a Hybaid Thermal Reactor 
(Hybaid, Teddington, U.K.) using these cycle parameters: 2 
min at 94^ followed by 30 cycles of 1 nun at 94*C 2 rain 
at 55°C 3 min at 72°C followed by a final incubation of 7 
min at 72°C The primets used for hrpZ^ were 5*- 
TACGGGATCCTTTGAGGAGGTlXriXjArG-3' and 5'. 
TACGCTGCAGTATC AGTCAGGCAGCAGC-3', and those 
for hrpZf* were 5 '-T^CGGG AnXATGCAAGCACTIA 
ACAGC-3' and 5'-GGAACTGCAGCAAGCT€CGGCGA- 
TACAC-3*. All primers were synthesized by Integrated DNA 
Technologies, Inc. (Coralville, IA), and were designed to in- 
troduce a BamM and a Pstl site at the 5* and 3' ends, respec- 
tively, of each amplified fragment 

The hrpZm fragment from pCPP2202 was successfully 
amplified in all reaction buffers tested. The hrpT** fragment 
from pCPP2203 was successfully amplified using reaction 
buffer B (reaction concentration 60 mM Tris-HCl, 15 mM 
(NHifeSO* 2 mM MgCl lt pH 8.5). PCR products of the ex- 
pected sizes of 1.0 and 1.2 kb were purified from an agarose 
gel, digested with Pjrl and BamHL cloned into pBiucscript H, 
and then transformed into E. coU DH5a T'lach yielding 
plasmid pCPP2255 carrying hrpZ^ Plasmids containing 



Designation 



Relevant characteristics* 



Reference or source 



Escherichia coU 
DHSa 

DH5a Ftaef 

BL2l(DE3) 

Pifvdomonat syringat 
pr.jyringa*6i 
pv. g lycineo race 4 
pv, tomato DC3000 

PU<mids 

pBluescript 11 5K(*) 
P UCP19 
pfcT2I(+) 
pT7«* 

LITMUS 28 

pHIRU 

pSYHIO 

pCPP2303 

pCPP23Q5 

pCPP2200 

pCPP2202 

pCPP2204 
pCPP220o 
pCPP2208 
pCPP2210 
pCPP22S5 
pCPP220l 
pCPP2203 

pOPP2205 
pCPP2207 
PCPP2209 
PCPP2304 

pcpmn ' 



suplM tlacU\€9 WOtacZMIS) fedRH rtcM endAi jyrA96 thl-i ntA\ NaT 

F'oroAB* kcV*Zm\5 tafcTrrtflCinWOd iacZAMIS oflacZYA-crgF)U169 emfAl 

recAl ksmi {titttfittoK rtM suphA4kgyrA96 rttAl 
F ompX hsdB t (r t "mi0 tlan got DE3 

WUdtype 
Wild type 
WUdtypcRjf 

Cloning vector, Amp* 
pUC19 derivative, Amp* 
T7 transcription vector, Atop* 

T7 transcription vector; AnaV " * * 

Cloning vector, Koto* 

25-kb cosmid containing Pj. pv. jyringat 6*1 tup duster 
hrpZ, „ ORF in pBloescript II 

0.8-kb Pstl-Agei subclone from pKIRl 1, containing hrpB t in LITMUS 28 

|.3-kb SaUSacl subclone from pHIRtl, containing hq>D, in pT7-6 

pUCPl9 carrying 10-kb partial SatA Al fragment of P. *. pv. glycine DNA with hrpZitg 

2.4-kb Pid subclone of pCPP2200 in pBluescript II: krpAr^ and hrpZrq in expressed 

orientation with respect to P*t 
As PCPP2202 but with hrpZnt in reversed orientation to P*, 
2.4-kb Pstl hrpArti *nd hrpZng subclone fr om pCP P2202 in pET2i(+) 

3.6- kb SacUEcoRl hrpZ* t subclone from pCPP2200 in pBluescript Q 
1.85-kb BgtlUPstl hrpZfiu subciooe from pCPP2202 inpET2l(+) 
PCR -amplified hrpZ* t ORF in pBluescript tt 

pUCP!9 carrying ICMcb fragment of P. *. pv. tomato DNA with hrpZfu 

12-kb Pstl subclone of pCPP2201 in pBloescdpt U; hrpA^ and hrpT+g in expressed on- 

entatson with respect to Pj^ 
As pCPP2203 but with hrpZ^, in reversed orientation to Pj* » 
2.2-Jcb htpZto subciooe from pCPP2203 in pETZl(+) 

3.7- kb Socl-EcoM subclone from pCPP220l containing hrpBCDE^, in pBtoescript 11 
3.7-icb SacI-EcoKl subclone from pCPP2209 m UTMUS 2B 

2.0-kb 8g(U'Psti hrpZfj, subclone from pC?P2203 in p£T2 1 (4>) 



Hanahan i983; Ufe Technolo- 
gies. Inc. Grand Island. NY 
life Technologies Inc. 

Novagen 

{ Baker tint 1967 
CI. Baker 
D. E. tuppelf 

Stratagene 
Sctiweiaer 1991 
Novagen 

Tabor and Richardson 198g 
New England Biolabs 
Huang ft at 1988 
He #1 at 1993 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 

This study _______ 



1 Amp 1 * ampiciUin resistance; Nal f * nalidixic acid resistance; Rp*» rifampicin resistance, 
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a w re found to be unstable and ap- 

pCR-amplified hrpZm w rc lu 
peared to promote cell lysis. 

HrpZ purification and anal yris. descnb ed (He 

EDTA. 100 n>M NaO, pHJ »;»™^ pilUl llV purified * 
„, nfcrioc * JT^^^JLio. bring pa- 

excised gel slices using an Etot»F lapp ^ 
Schoell) or were determined using 

tor (Amicon). Protein w"^" ds0 puri fied from 

Bio-Rad protein assay "J^^^J^n in hrp- 
heat-treated supematanO of 

•H SeS Stressed in £ 

Proteins encoded by ^.^tJw.^ „ prcS sion system 
co« BL21PE3) by using the pFTCl CO T7 e y P atac _ 
(Novagen). C^dmoM f« «op h ^ 
up^o side (DTO) jfX* ^W M S]memionine 
depend TLS 5 stdiefel ah (1990). After being la- 
were as descnbed "J*™" centrifueadon and then resus- 

tSUZ * o-~ — ISIKES 

jyrfngw pv. wm«* n/pA, h/pZ, ft/pfl . « JF f 
EmS» fP jvrinwe pv. gfycineo nrpA. hrpZ. top*). MWW 
^S. P^« Sa). and L41864 (P. synngoe pv. 

syringae hrpB). 
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Fig. 1A-C Genetic and translations organization of the hrp gene cluster of different plant pathogenic bacera. A Xanthomonas campestris pv. vestcatoria: B 
Pseudomonas solanacearum: and C Pseuaomonas synngaeov. synngae. Arrows represent transcription units as Determined by genetic analyses. Boxes correspond 
to sequences of open reading frames tORFsl chat have oeen puoisshed. In case of sequence similarities betwee* ORFs in off erent dusters the boxes are filled with 
the same pattern. For references, see text 
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Tablt 1. Sequence similarities of XamhomonascBbestns pv, vesjcaroha Hrp proteins 



8. 



Xanthomonas camoesms 
pv. 



HrpAV 



HroB6* 



HrpB3' 



HroC1 a 



HrpQ' 



HrpCy HrpDl 1 



HrpO* 



Pseudomones sotanaceanjm 

Pseuoomonas 

synngae pv. synngae 
Yersinia enterocoliuca 

Yersinia pesos 

Yersinia pseudotuberculosis 

Shigella flexneri 

Salmonella typhimunum 

Bacillus subttSs 
Escherichia coti 
Erwinia carotovora 
Erwinta amyfovora 
dhizoDnjm fredu 
Caulobacter crescentus 



A J 
(66%) 
HrpH* 

(52%) 
YscC* 

(55%) 
YscC» 
(55%) 



MxtD u 
(50%) 

(52%) 



HrpE 1 



(51%) 



YscN* 

173%) 
Spa47* 

(65%) 
Spal :: 

(70%) 

(65%) 
FlaA-ORF4 n 

(68%) 
frFl" 

(53%) 



HrpP 
(70%) 



Ysor 1 , 
(56%) 



LcrKa :J 
156%) 

MxU !i 
(52%) 



HrpN* 
(74%) 



$0840" 
(55%) 

SpaS» 
(56%) 



Flna* 
(62%) 



NolT r 
(61%) 



HrpO 3 

(81%) 
Hrpl' 

(62%) 



1*0" 
(70%) 



MxtA" 
(65%l 

lnvA a 
(67%) 



RhA a 
(63%) 



HrpP 
(62%) 



RbF* 
(55%) 



(54%) I 



HrpQ* 



LsaA n 
(52%) 



MopB" 
(49%) 



Hrpr 



LsaB" 
(72%) 



Spa24« 
(67%) 

SpaP" 
(64%) 



(68%) 
RiP* 
(65%) 
MopC» 
(65%) 



Similarities between oeduced amino aod sequences of Hro proteins from Xcpv.vesicatoria and other proteins. include conservative amino acid exchanges. Number 

in parentheses indicaies percent similarity. . 

Superscnpt numbers indicate references as follows: ' 

1, Fenseuu et a). 1992: 2.8onas et a)., unoublished: 3. GouGh er al. 1992: 4. GEnin et al. 1993. sequences unpublished: 5. Goughw al. 1993: 6. Huang et al. 1992: 
7. Huang et at. 1993: 8. Michjels et al. 1991: 9. Haodbc ana StralEy 1992: 10. Piano et al. 1991: 11. Fields et at unpublished, accession # 122495: 12. Galvov. 
unpublished, accession # U00998: 13. Pjmpiiainen et al. 1992: 14. Auaoui et al. 1993: 15. Venkatesan et al. 1992: 16. Allaoui et al. 1992: 1 7. Sasakawa et al. 1993: 
18. anorews and Maureiu 1992: 19. Lodge et ai.. unpublished, accession # X75302: 20. GroiSman ana Ochman 1993: 21. Vogur et«L 1991: 22. Galan et al. 1992; 
23. AusERTiNi et at. 1991: *4. Carpenter et ai.. unpufilishea. accession # X741212: 25. Carpenter and Oroai 1993: 26. Bischoff et al. 1992: 27. Saraste et al. 1981: 
28. MalakOOTi et at. unpublished, accession # L21994; 29. MulhOuano et al. 1993: 30. Wei ana BEER 1993: 31. MEinmarot et al, 1993:32. Ramakrishanan et al. 1991: 
Sanders et al. 1992. 
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INTRODUCTION 

Hie ability of plant pathogenic bacteria to deliver death- 
triggering proteins to the interior of plant cells was revealed^in 
a rapid succession of papers in 1996 that transformed our 
concepts of bacterial plant pathogenicity. The breakthrough 
came with the convergence of work on Hrp systems and Avr 
pr teins, an understanding of which requires an introduction 
to the most prevalent bacterial pathogens of plants, the cardi- 
nal importance of the Hrp pathway, and the paradoxical phe- 
notype associated with avr genes. 

Plant pathogenic bacteria in the genera Erwinia, Pseudomo- 
nas, Xanmomonas, and Ralstonia cause diverse, and sometimes 
devastating, diseases in many different plants, but they all share 
three characteristics: they colonize the intercellular spaces of 
plants, they are capable of killing plant cells, and they possess 
hrp genes. Many of these pathogens are host specific. In host 
plants, they produce various symptoms after several days of 
multipHcation, whereas in nonhost plants, they trigger the hy- 
persensitive response (HR), a ^p IH i H«fen^a«cxnate<L pro- 
grammed death nf plant cells at the site of invasion (21, 43). 
With inoculum levels typically encountered in natural environ- 
ments, the HR produces individual dead plant cells that are 
scattered within successfully defended healthy tissue (71). 
However, experimental infiltration of high inoculum levels 
(>ltf bacterial cells/ml) results in macroscopically observable 
death of the entire infiltrated tissue, usually within 24 h (42). 
Pi neer screens for random transposon mutants with impaired 
plant interactions yielded a prevalent class that was designated 
Hrp", that is, deficient in both HR elicitation in nonhost plant 
species and pathogenicity (and parasitic growth) in host species 
(49 56). This complete loss of pathogenic behavior results 
from mutation of any one of several hrp genes, which largely 
encode components of a type HI protein secretion system (73). 
Because t he capacity to elicit jh eHR is a convenieirt marker 
for fte"capacityjc^ 
-Tc75ffimonJ^ 

^£3l^P^ HTffTg ^ an entry t0 th e lar K er P roplem -Q^ 

P& A ke^part of the HR puzzle is that HR ehcitation and the 
resulting limitation in host range can occur if the pathogen 
possesses any one of many possible avr (avirulence) genes that 
interact with corresponding R (resistance) genes in the host 
plant Such "gene-for-gene" interactions result in recognition 
of the bacterium and the triggering of plant defenses. For 
example, Pseudomonas syringae pv. gtycinea is one of over 40 R 
syringae pathovars differing largely in host range among plant 

* Corresponding author. Mailing address: Department of Plant Pa- 
thology, Coraell University, Ithaca, NY 14853-4203. Phone: (607) 255- 
7843. Far. (607) 255-4471. E-mail: arc2@corneU.edu. 



species and is subdivided into races on the basis of their inter- 
actions with genetically distinct cultivars of its host, soybean. 
Those race-cultivar interactions involving matching bacterial 
avr and plant R genes result in the HR and avirulence, Le.; 
failure of the bacterium to produce disease. The R genes en- 
code components of a parasite surveillance system and are 
crossed into crops from wild relatives by plant breeders for 
disease control avr genes are identified and cloned on the basis 
of the avirulence they confer on virulent races in appropriate 
test plants (39, 69). In most cases, it is not clear why plant 
pathogens carry avr genes that betray them to host defenses 
but new insights into this question are discussed below. 

Both hrp and avr genes were originally defined on the basis 
of the phenotypes they confer on bacteria interacting with 
plants. Molecular studies have revealed a functional relation- 
ship between the products of these two classes of genes and an 
underlying similarity with a key virulence system of several 
animal pathogens. Yersinia, Salmonella, and Shigella spp. trans- 
fer virulence effector proteins directly into animal cells via the 
type in pathway (16, 17, 62, 67, 84). Similarly, plant pathogens 
use the Hrp type HI pathway to transfer Avr effector proteins 
to the interior of plant cells. The genetic dissection of type III 
secretion systems is just beginning, and little is known of the 
mechanisms of protein translocation. In this review, we will 
describe (i) the recently completed inventory of genes directing 
type III secretion in plant pathogens and new insights into type 
m secretion mechanisms gained from research with Hrp sys- 
tems, (ii) two classes of proteins (harpins and pilins) that are 
secreted by the Hrp type in pathway when plant pathogens are 
grown in media that mimic plant intercellular fluids, (iii) evi- 
dence that Avr proteins are delivered by the Hrp pathway 
directly to the interior of plant cells, and (iv) a resulting new 
* paradigm for bacterial plant pathogenicity. The focus will be 
on quite recent work, and readers are referred to other reviews 
for a classic introduction to the HR phenomenon (43), earlier 
investigations of the ftp system (11), avr genes (20, 46), and a 
wider perspective on bacterial virulence systems and plant re- 
sponses (2). 



Hrp PROTEIN SECRETION SYSTEM 

hrp and hrc genes, hrp genes have been extensively charac- 
terized in four representative gram-negative plant pathogens: 
P. syringae pv. syringae (brown spot of bean), Erwinia amylo- 
vora (fire blight of apple and pear), Ralstonia (Pseudomonas) 
solanacearum {bacterial wilt of tomato), and Xanthomonas 
campestris pv.vesicatoria (bacterial spot of pepper and toma- 
to). Most of the known hrp genes in these strains are contained 
in chromosomal clusters of about 25 kb (Fig. 1). In at least 
some cases, the hrp clusters are sufficient to allow HR elicita- 
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earned on a megaplasmid (12), — 
sequence reports in references 38, 41, and 81. 

tkm (but not disease) by nonpathogenic bacteria such as£rch- 
enchia co/i and Pseudomonas fluorescensji, 37). 

tofttal sequencing of the fop clusters from R solanacearum, 
rlS pvTvlsicatoria, and P. syriogoe pv. synngae re- 
with components^ protom 
(Tool secretion system of Yersinia spp. (22, 29, 34), inereqr 
SSSS°«d1tence of a conserved "type WT V«em se- 
Sn oathwav in gram-negative pathogens of both plants and 
SsH &wmpIeto of these sequences has 
SSe4 totte homologies and has led to two major changes 
L SIoSndature of fop genes (9). 
Sat are broadly conserved in pathogenic f*»*«»"'£ 
winia Rabtonia'xanthomonas, Yersinia Salmonetta and Sfo- 
Sp^were redesignated for (™ and conserved) and gwen 
tnelaa>letter designations of their Yersinia ysc homologs.The 
SaS for Romologs in various MA > outside, J 
the riant pathogen group are presented in Table 1. When 
refe^d to broadly, the term "fop genes" is intended to en- 
£mS the fo? subset (9). Second, the fop gene concept was 
3S to facade homologous genes in plant pajogens 
wh« mutations do not lead to typical Hrp Polypes. For 
SSle mutations in fop homologs result in loss of the Wte 
25Seno(^to£n^^ (Stewart's wdt of 
inffiity at low inoculum levels mErmnta 
££» cSSal softrot) (6, 23) Thus, the fop genes 
STto be universal among plant patiiogemcEnwnw.ftm- 
ELu Ralstonia, zndXanthomonas spp. and they control a 
Srf Srium-plant interaction phenotypes m addition 

^SuSand n fop dusters. The four fop clusters that have 
beeTmSs characterized can be divided into two groups toed 
on their possession of similar genes, operon Strurtures 
Zd regulatory systems (2). The fop clusters of P. synngae and 



E amylovora are in group I, and those of R solanacearum and 
X. campestris are in group H. In addition to the nine for genes, 
two fop genes are conserved between the group I and H fop 
clusters and show some similarities toysc genes (Fig. 1) 
41 74) It is likely that more of the present fop genes wul be 
discerned as belonging to the hrp category with additional data 
on the structure, function, and conservation of their products 
in both plant and animal pathogens. Nevertheless, some of the 
foD eenes appear to be completely different between the two 
croups, the arrangements of genes within some operons are 
characteristic of each group, and the regulatory systems are 
distinct (Fig. 1). A key difference in regulation is that groupl 
hrp operons are activated by HrpL, a member of the ECF 
. ^^cytoplasmic function) subfamily of sigma factor! 00/78, 
85), whereas most group U hrp operons are activated by a 



TABLE 1. Hrc proteins of plant pathogenic bacteria and 
their animal pathogen and flagellar homologs 



Plant pathogen 
protein* 



Yersinia 
protein 



Salmonella 
protein 



Shigella 
proton 



Flagellar 
protein(s) 



HrcC 
HicJ 
HrcN* 
HrcQ 
HrcR 
HrcS 
HrcT 
HrcU 
HrcV 



YscC 

YscJ 

YscN 

YscQ 

YscR 

YscS 

YscT 

YscU 

LcrD 



InvG 

PrgK 

SpaL 

SpaO 

SpaP 

SpaQ 

SpaR 

SpaS 

IovA 



MnD 

MxU 

Spa47 

Spa33 

Spa24 

Spa9 

Spa29 

Spa40 

MxiA 



FliF 

FUL 

FUN,-Y 

FliP 

FUQ 

FliR 

FthB 

FlhA 



- References for the sequences of hrc genes and ail homologs are 
references 9, 25, and 74. 



compiled in 
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member of the AraC femily, which is designated HrpB in R. 
solanacearum and HrpX in X. campestris (27, 57, 82). However, 
hrp genes in both groups are generally repressed in complex 
media and expressed in plants and in media that mimic plant 
intercellular fluids (11). 

Functions of Hrp and Hrc proteins in type III protein se- 
cretion. With the hp clusters of four representative plant 
pathogens now almost completely sequenced, analysis of the 
functions of individual components is beginning. Nonpolar 
mutations have been constructed in most of the hp and hrc 
genes in H solanacearum and in some of the genes in P. syrin- 
gae pv. syringae and E. amylovora (10, 15, 54, 77). The results 
suggest that the secretion apparatus requires all of the hrc 
genes QircQ awaits testing). The R solanacearum mutant anal- 
ysis also reveals a requirement for hrpF, -W, -K, and -AT (54). As 
discussed above, hrpF and hrpW have group I and possible ysc 
homologs. Thus, the Hrp type III secretion apparatus is likely 
composed of a core of 13 proteins, all but 2 of which appearto 
be broadly conserved The predicted locations and functions'of 
most of these proteins have been systematically presented for 
the K solanacearum Hrp system (74), and they appear to be 
the same in A! campestris, E amylovora, and P. syringae. 

Sequence comparisons reveal that ail of the Hrc proteins, 
other than HrcC, have a homolog involved in fiageUum-specific 
export or early events in flagellum biogenesis (Table 1). The 
abilities of the presumably more ancient flagellar system to 
regulate the order (and possibly amount) of protein released 
and to secrete proteins in association with an extracellular 
appendage are properties that may be particularly important in 
the type HI transfer of virulence proteins into host cells (18, 
52). Plant pathogens offer several experimental advantages for 
exploring mechanisms of type III secretion and, indirectly, 
flagellum-specific secretion. The flagellum-specific and animal 
pathogen type III secretion systems have been difficult to stuciy 
because many mutations pleiotropicaliy disrupt production of 
the secretion apparatus and the secreted proteins. For exam* 
pie, the Yersinia pestis LcrD and Bacillus subtUis FlhA proteins 
(homologs of HrcV) were initially thought to have primary 
functions in regulation (14, 59). However, the unambiguous 
secretion phenotype of an E amylovora hrcV mutant provided 
strong evidence that the primary function of members of this 
protein superfamily is in secretion (77). Plant pathogens offer 
other experimental advantages for exploring type III secretion 
mechanisms: defined subclones of ca. 25 kb are conveniently 
sufficient for Hrp-mediated secretion by E coli and other 
model bacteria (31, 77), and hrc gene arrangements and mu- 
tant phenotypes suggest that translocation across the inner and 
outer membranes is partially separable in these bacteria (15). 

In both group I and II hrp clusters, the six hrc genes pre- 
dicted to encode a flagellum-derived system for Sec-indepen- 
dent translocation across the inner membrane (hrcN, -R, *5, -T, 
-f/, and -V) are in operons other than that containing the one 
hrc gene predicted to direct translocation across the outer 
membrane (hrcC) (Fig. 1 and 2). HrcC is a member of the 
P ulD/pIV s up erfamiryjrfouter membrane proteins, which are J 
Involved in type 11 protein secretion ( PulD) and filamentous 
phage secretion (pi V) (26). These proteins form homomul tim- 
ers in the outer membrane which permit phage or protein exit 
and induce the psp (phage shock protein) operon (63). Th§_ 
HrcC, orotein of X, campestris pv. vesicatoria was the first 
^"member of the t ype lif orancn oi mis supertamiiy shown t o 
-tndoce--gr e^^operon, thereby suggesting that tne type TQ_ 
v pathway also em ploys aTTSuter membrane, charmej-formuig 
ffiOTtimer (8U J. A F. synngae pv. syringae hrcC mutant accumu- 
lates some of the normally secreted HrpZ harpin (discussed 
below) in the periplasm, whereas a hrcU mutant accumulates 



V Avr ("Hop') 




HR Parasitism 
and and 
Defense Disease 



FIG. 2. Model for the delivery of parasite-promoting Avr proteins (Le* Hop 
proteins according to a proposal discussed in the text) into plant cells by the Hrp 
type HI secretion system (P. synngae example). To reach their targets, Avr pro- 
teins must cross the bacterial inner membrane (IM), outer membrane (OM), 
plant cell wall (CW), and plasma membrane (PM). Only Hrc components (in- 
dicated by their last letters in predicted subcellular locations) and proteins known to 
be secreted are shown. The location of hydrophilic HrcQ (HrcQ A and HrcQs in P. 
syringae) is unknown, but the homologous SpaO is secreted by Salmonella spp. 
(25, 48). Four additional Hrp proteins, not shown, appear to be required for 
secretion (see text). Dashed-line boxes indicate uncertainties about precise loca- 
tion. For example, it is not known whether Hrp A or HrpZ penetrates the plant 
cell wall and whether these and/or other Hrp proteins trigger Avr transfer into 
plant cells by endocytosis. Secretion of HrpA and HrpZ is not dependent on 
plant cell contact, whereas secretion of Avr proteins apparently is. Once inside 
plant cells, multiple Avr proteins apparently promote parasitism collectively by 
unknown mechanisms (short arms denote weak phenotypes of virulence domains 
interacting with undefined host targets), Ainless any one of the proteins interacts 
with a host R gene product, thereby triggering the HR defense. Mutation of a 
host target, to diminish benefit to the parasite, and detection by the R gene sur- 
veillance system are likely evolutionary responses of plants to the bacterial de- 
ployment of a new virulence protein; coevolution would be expected to generate 
many avr and R genes in complex populations of plants and bacterial parasites. 



the protein exclusively in the cytoplasm (15). Thus, the se- 
- quence-based prediction that separate inner and outer mem- 
brane translocator systems have been recruited to form the 
Hrp pathway is supported by a novel secretion phenotype 
revealing partial separation of these functions (15). 

HARPIN S, PILINS, AND OTHER PROTEINS SECRETED 
IN CULTURE BY THE Hrp SYSTEM 

Harpins. B roadlyjiefined, harpins are gjycine-rich proteins^ 
that lack (^stemeTare secreted in culture when the Hrp system 
is~expresse d, and possess heat-stable HR eliritor activity when 
The y infiltrate the leaves of tobacco and several other plants. As 
Ts~cTiaractensuc ot proteins secreted by the type in pathway, 
harpins lack an N-terminal signal peptide. The first harpin was 
discovered in t^e culture fluids of E coli cells carrying a highly 
expressed hrp cluster from E. amylovora (79). Because muta- 
tions in the harpin-encoding topJVgene in E amylovora strong- 
ly diminish HR elicitation in tobacco and pathogenicity in 
susceptible, immature pear fruits, harpin was initially thought 
to be the primary virulence protein traveling the Hrp pathway 
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(79). Subsequent analysis of barging from other bacteria^ 
^^^h^Mers^^3_^ primary sun*^ 
^gg e^nliibution to ^ hHotypes, and then- 
function is"unknown_(4, /, 1^,51). 
r Theharpin gene rof£: amybvora (hrpN) (79), £. , 

/item/ (MJ (7> «»d Jl 5oJ<wuiceflrum (pop/i) (4) are lo- 

\ Saa&enttoor\ea^^^ 

X the P syringae hrpZ gene resides within a /up operon (31). E. 
SS5 mutants are reduced « Jnf ectiv, ty at low 
SSevek and are unable to elicit theHR (7) but harpm 
^nutations in E. amybvora CFBP1430 (a nighty vmdent 
^ sotanaceamm (4), and P. ^ 1) produce 
weak phenotypes or no phenotype. Ib^illdp^h^do 
nn« nnnear to be necessary for elicitation of the HR by most 
Cteria. The potential role ol uaiplllTin determming^osi 
f SSv is uncertain. PopA may be a host specificity factor 
SShe Slated protein elicits the HP ^leetigr » HAosj 
plants in which R. solanacearum also elicits the HR, whereas 
the isolated harpins from E amybvora and three P syn&e 
pathovars trigger the HR in variou s pl ants , in , a . manner feat 
shows no relationship^ bactenj^ ESS 
"Harnm activitv may involve interactions witE plant ceU walls. 
SpS^binds to the walls of intact plant cells but not 
i proSplasttT and it also fails to trigger HR-assoaated re- 
fpoE W protoplasts (33). The elicitor actmty of harpms * 

^.Jnlikely to be enzymatically based because various fragments 

rt t^l«oi£'P. syringae HrpZ harpinis pamadariy 
puzzling. Several observations suggest a simple, direct role for 
HrpZ hi HR elicitation. HrpZ is the predommant protem 
secreted by the P. syringae Hrp system m culture (31, 88), the 
W gene is conserved in divergent?, syringae pathovars (60 , 
and the isolated protein elicits an apparent programmed ceU 
Sthin Snts that is indistinguishable from the HR elicited by 
S bacteria (31). Furthermore, hrpZ deletion mutations in 
SsmV^fflRll functional cluster off. *yW«J?> 
mlhrp genes strongly reduce the HR elicitation actmty of E. 
% «AiZ\l carrying only pHIRll. The same mumuon onty 
sHghtiy redoes the HR in P. syringae pv. synngae, but : tte «n 
be explained by postulating the existence of a second harpm 
encoded elsewhere in the bacterial genome iffl. 

However, other observations show that the j^ on !^ f 
HroZ to HR elicitation is more complex. Mutation of hrmA 
(31 35), which is in a variable region flanking the conserved 
Sdus er in pHIRll, abolishes HR activity m tobacco with- 
out SnLhing HrpZ synthesis or secretion (1) 
HrpZ « to elicit an HR in tobaccgT ^julHrpg 

^Lffi n-SvbacteriaTnTIa^^ 

-j-Sn& ction in the'Hrpleae fi^ apparam^is neg gag 



S tee actual ehc itorofge^^^g^^a^^. 
pHIRll. HrmA h as st ger araaracteristics of an Avr protein 
SrTroS^ and the role of the Hrp system (™1 P°ss*ly 
hipto) fa ? their delivery into plant cells will be discussed 

be S^pA pilin and other secreted proteins. P. syringae pv. to- 
mato DO000 secretes at least four proteins in addibon to 
HrpZ into the medium in a Hrp^ependent manner(88). One 
of mese is the 10-kDa product of /up* which forms a 6- to 
8-nm-diameter "Hrp pilus" (61). A nonpolar hrpA mutent n 
tonger elicits the HR in appropriate test plan^ «enwhn 
carrying an avr gene known to interact with an R gene m die 
St It thus appears that the Hrp pilus is essential for die 

SeryofA^ **** 
not known whether the Hrp pilus functions pnmanly m bac- 
Sa Tarchment or as a^nduit for the delivery of bacterial 
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proteins across the plant cell watt, it is interesting to&tAgrobac- 
terium tumefaciens requires a pilus similar in size (3-8-nm di- 
ameter) to transfer T-DNA and the VirE2 protem into plant 
cells (24). 

Hrp DELIVERY OF AVR PROTEINS INTO 
PLANT CELLS 

avr genes and their products. In fundamental contrast to the 
hw genes, avr genes are scattered in their distribution among 
Ks of plant pathogenic bacteria (20, 46). More than 30 
bacterial avr genes have been cloned from P. synngae and X. 
campestris, but until recently, characterization of the menag- 
erie of encoded proteins has largely defined what these pro- 
teins do not do. tcniatwi Avr proteins do nnt elicit any re- 
sponses w hen the? infiltrate plant leaves. K g not aopear. 
-TSTrr ^?^rin culture and are ftydropnmc proteins lactang_ 
fl^jnmn aTsignal peptides o r other recogn i7*nle secretion sig- 
'nals < properties coraistentwitn potential secretion by die type 
nfptthway). They do not have demonstrable enzymatic activ- 
ity (with the exception of AvrD, which directs the synthesis of*- 
syringoUde elicitors of an R gene-dependent HR [55]), and the 
majority of them do not contribute in an obvious way to par- 
asitic fitness or virulence in the infection of cultivars lacking a 
matching R gene that would trigger the HR. Howeve^tiiere 
are several significant exceptions to the last point (20, 46) and 
there is growing evidence that Avr proteins have a primary 
function in virulence, even though the HR-triggering effects of 
Avr-R interactions are epistatic over these virulence functions. 
How Avr proteins might promote parasitism is mysterious, out 
support for such a primary role comes from observations that 
their action is dependent on the Hrp system and their site of 
action is within host cells. The next two sections address these 
points and provide evidence that the main function of the Hrp 
system is in the delivery of Avr-like proteins into plant cells. 
-» Hrp dependency of Avr phenotypes. avr genes have no phe- 
notype when expressed in hrp mutant pathogens or m non- 
pathogenic bacteria like K coU, which lack the Hrp system 
(highly expressed avrD is the sole exception to the latter point 
[401)7 For many avr genes, especially those in P. synngae, one 
simple explanation is that their expression is dependent on Hrp 
regulatory factors (46). However, expression of avr genes from 
vector promoters does not obviate the requirement for a frac- 
tional Hrp system. The recent finding that the functional clus- 
ter of P. syringae p*. syringae hrp genes earned on cosmid 
pHIRll is sufficient to deliver heterologous ovr gene signals 
" . indicates the fundamental taterdependency of Hrp and Aw 
" functions in bacterial elicitation of the HR (28, 58). A key 
property of pHIRll enabling this discovery is that the cosmtd 
confers on nonpathogenic E. coU and P. flucrescens^ejb^y 
to elicit the HR in tobacco and several other plant* but rt is 
ineffective in doing so in soybean zndArabidopsa.Vit simplest 
explanation is that hrmA, which is earned on pHIRll and has 
several properties of avr genes (3), interacts with an unknown 
R gene in tobacco but with no R genes in soybean and Antn- 
dopsis. This suggested that expression of appropnate avr genes 
in trans would enable nonpathefgens carrying pHIRll to ehat 
an R gene-dependent HR in soybean, Arabidopsa, and other 
plants. Indeed, this was observed with avrB (from P. syrmg/u 
ov ehrdnea) and five other P. syringae aw genes (28, 58). 

The ability of pHIRll to deliver avr gene signals requires 
HrcC (absolutely) and HrpZ (variably) (28, 58). The inability 
of HrpZ to support AvrB signal delivery when supplied exog- 
enously indicates that the harpin has a role only when pro- 
duced along with AvrB and therefore may be an extracellular 
accessory in the delivery of Avr proteins, as YopD is in the 
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delivery of YopE (28, 62). Most importantly these experi- 
ments reveal that a functional Hrp secretion system is required 
for the delivery of several ovr gene signals. Furthermore, the 
use of promoters different in strength and of epitope-tagged 
AvrB revealed that the requirement for a functional Hrp se- 
cS system cannot be obviated by high levels ofAvrBmthe 
bacterial cytoplasm or by infiltration of leaves wi&punfied 
AvrB at a level 1,000-fold higher than that required by Irving 
W bacteria to elicit the HR (28). Tnus, AvrB does not 
appear to act in the bacterial cytoplasm or in leaf intercellular 
spaces. These observations strongly support the hypothesis, 
depicted in Fig. 2, that the type ffl protein secretion system m 
plant pathogens, as in animal pathogens, is capable of dehver- 
ine bacterial proteins into host cells. . , ' 

Demonstrations of Avr action in host cells. Bacterial trans- 
fer of Avr proteins into plant cells has not been observed 
directly. However, there is evidence that several of these pro- 
teins are biologically active when produced within plant ceUs, 
that the HR-triggering activity of one of them is dependent tin 
physical interaction with its cognate plant/? gene product, and 
that the activity of another is dependent on locahration to the 
plant cell nucleus. AvrB action in plant cells was demonstrated 
with Ambidopsis plants carrying the cognate RPM1 R gene 
(2Si An Ambidopsis rpml mutant was transformed with avrB 
and crossed with a wild-type line, thus producing seedhng 
progeny carrying both avrB and RPM1 which died soon after 
germinating. One symptomless rpml mutant transgenic plant 
was obtained; this individual expressed relatively low levels of 
an avrB construct carrying the PR-la plant protein signal pep- 
tide, with the likely consequence that the plant ^op\fsm 
would be exposed only transiently or to low levels of AvrB. The 
Drooerties of this survivor suggest that plants are sensitive to 
AvrB even in the absence of a functional matching R gene and 
that vanishingly low levels of the protein are sufficient to eUat 
the HR in the presence of a complete R gene. A holistic, tran- 
sient expression assay revealed that avrB lacking a signal pep- 
tide (and therefore localized to the plant cytoplasm) was lethal 
to Ambidopsis leaf cells carrying RPM1 but not to those lacking 
the R gene (28). This approach was extended with avrRpQ 
(from P. syringae pv. tomato) (47). Similarly, an A tum^aaens 
transient expression system was used to deliver avrPtoi from 
P. syringae pv. tomato) and avrBs3 (from X campestns pf. 
vesicatoria) into plants, resulting in an R gene-dependent HR 
in all cases (66, 70, 72). Thm. whereas no bacterial Avr protein 

has been observedtoha^e^t^E^^^T 
-HtoThTsm Bce p'»"' cells. a Ttour ol muse tes ted elicit an 
R~ nene-deperTdent rwpousW wUtn-^^ssedjnsidejhern^ 
••--^neTffipest model tor the molecular basis oi gene-for-gene 
HR elicitation predicts physical interaction between the pro- 
tein products of cognate avr and R genes. This has been ob- 
served with the bacterial AvrPto and plant Pto proteins; mu- 
tations in the molecular partners that diminish physical 
interaction in the yeast two-hybrid system also diminish bio- 
logical function (66, 70). Because AvrPto action requires a 
functional Hrp system in either P. syringae pv. tomato (64) or 
nonpathogenTcanying the pHIRll hrp cluster (28, 58) and* 
involves physical interaction with a cytoplasmic target in the 
host, the Hrp-mediated transfer of AvrPto into plant cells 

seems certain. « 
While many bacterial Avr proteins appear to b targeted to 

the host plant cytoplasm, members of th AvrBs3 family in 
Xanthomhnas spp. are targeted to the host ^cleu^ljese 
oroteins carry functional nuclear localization signals (NLS) in 
the C-terrninal region (72, 86). When fusions of this C-terminal 
region and a uidA reporter are transiently expressed in omon 
epidermal cells by biolistic bombardment, 0-glucuronidase ac- 
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tivity is localized to the nucleus (72, 86). Deletion of all three 
of the NLS sequences abolishes nuclear localization in the 
biolistics assay and HR elicitation by X campestris pv. vesica- 
toria cells in pepper plants carrying the Bs3 R gene, and both 
of these abilities can be restored by substitution of the simian 
virus 40 large-T antigen NLS (72). These results suggest that 
the Bs3 product' must also be localized to the nucleus, but 
because this R gene has not been cloned, this awaits confinna- 
tion. 

Gaps in our knowledge of the Hrp pathway and the inven- 
tory of its protein traffic Although the rings of evidence that 
the Hrp system transfers Avr proteins into plant cells are 
collectively strong, there are formal gaps in each, (i) In the 
system explored in the most detail, AvrPto-Pto, physical inter- 
action between the bacterial and plant proteins has not been 
demonstrated in vivo, and a second host protein, Prf, is re- 
quired for AvrPto-Pto-mediated HR elicitation. Furthermore, 
all of the other cloned plant R genes that interact with known 
bacterial avr genes resemble Prf (a nucleotide-binding site 
leucine-rich repeat protein) rather than Pto (a kinase) (68). (ii) 
R proteins appear to be present at vanishingly low levels, and 
none has been directly observed in the cytoplasm, although 
RPS2 localizes to the cytoplasm-equivalent fraction in a rabbit 
reticulocyte dog pancreatic microsome in vitro translation- 
translocation system (47). (iii) Similarly, Avr proteins appear 
to be effective at vanishingly low levels (28) and immunogold 
labeling and electron microscopy of infected plant tissues has 
revealed their presence only in bacterial cells (13, 87). (rv) 
Finally, no Avr protein has been directly shown to be translo- 
cated out of the bacterial cytoplasm in culture by the Hrp 
system. It is worth noting that theA tumefaciens VirE2 protein 
has never been observed to be transferred into plant cells, 
although the indirect evidence for its action within plant cells 
seems irrefutable (89). 

Many (if not most) of the genes encoding proteins that are 
transferred into plant cells by these bacterial pathogens prob- 
ably await discovery. Systematic completion of the inventory is 
thwarted by two problems. First, the contribution of the genes 
to virulent interactions .may be too subtle for detection in 
mutant screens, and cognate R gene* that would reveal Avr 
phenotypes when the bacterial genes are heterologousry ex- 
pressed may be unknown or nonexistent Second, no plant 
signals or regulatory mutants have been found that permit 
bacteria to secrete these proteins in culture, although harpins, 
pilins, and possibly other proteins that serve the type HI se- 
cretion system are secreted in culture. A critical feature of the 
- type m protein secretion system in Yersinia spp. is its capacity 
to withhold full secretion of virulence proteins until contact 
with the host cell (18). The fact that nonpathogens carrying the 
pHIRll functional hrp cluster secrete HrpZ but not AvrB in 
culture (28) indicates that the genetic information for tins 
expected regulatory step is carried within the hrp cluster and is 
therefore subject to discovery through systematic analysis of 
the hrp genes. Obtaining Avr protein secretion in culture is 
important because (i) it is likely to be associated with struc- 
tures that normally are used to penetrate the plant cell wall 
(and possibly trigger host cell endocytosis) and therefore will 
yield clues to the transfer process and (ii) it will allow proteins 
targeted to the host to be systematically characterized through 
identificati n of novel proteins in the medium. The exploration 
of DNA sequences flanking hrp clusters also should be useful 
in this search because of the growing evidence that these re- 
gions are enriched in genes whose products probably travel the 
Hrp pathway (51, 53, 54). 

A new designation for effector proteins that are delivered by 
the Hrp system to plant cells would be useful: Avr appears 
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to be inappropriate because some of the encoding genes 
have no Avr phenotype and the primary funcbcm of Aw 
proteiS is almost certainly in virulence not avirulence. One 
mortal is to designate new members of this class Hop (Hrp- 
S^pXnt ££ Fotein) and to add a four-letter suffix iden- 
Sg the bacterial species, pathovar, and gene, based^ on ±c 
oSSnt system for uniform nomenclature of avuulence genes 
OTO For example, the gene encoding a newly found £ 
SirS iTsyringae protein in this class would be designated 
S^oSalogoustotheYop (Yersinia outer protein) 
Sation for proteins secreted by the prototype Yenvm 
SKS secretion system but is broadened here for consistent 
S Ae^Tof ! HrJ ^d Avr for plant pathogens in all genera. 

A NEW PARADIGM AND FUTURE EXPLORATIONS 

Pathoeenesis based on the Hrp delivery of Avr-like (Hop) 
protSS host cells (depicted in Fig 2) provides a ample 
knd unifying explanation for many character*** > of Ptant 
pathogenic ErwMa, Pseudomorm, Xanthom0na f'^^T 
S rS>. (2). These include the one-to-one relatonship^ 
ZJn bacterial cells and HR-responding plant cells (expected 
S conSependent secretion), the gene -for-gene f mterac- 
3s of pathogen races and host cultivars i«P**** 
R eene products can directly interact within host cells), and the 
enomoKversity in host range and other pathogenic at- 
SSng closely related strains (expected with a poolof 
ES^ transferable and interchangeable genes whose 
oroducts can either promote or betray parasites in coevoWing 
hoS^hTlatter point is particularly relevant to P-V™f* 
Tax camoestris which are divided into more than 40 and 140 

Cv^r S on plasmids and the ability of avr genes to 
Son S heterologous Hrp systems (20). to th* reg** 
oneootential difference between the type HI systems of animal 
SEt pathogens is noteworthy. In animal pathogen type HI 
sWtemT the seletion of many effector proteins requires cus- 
S chap^rones, which are often encoded b, 
to effector eenes (76). The ability of many isolated avr genes to 
SnS Sogoily in other pathogens or m nonpaAogens 
carrying the pHIRll functional hrp duster suggests fcatAvr 
orotein delivery does not require specific chaperones or that a 
Sromiscuous chaperone gene exists withm the hrp cluster. 
P T^Tnew model of plant pathogenicity invites several fun- 

da^ntal'uesSs °in plant 'pathology,^ ■"^ffE 
S»gy in addition to those discussed above ^^gto Hrp 
system and the identification of its traffic. How do Hrp^dehv 
ZeA oroteins alter host metabolism to promote bacterid 
^rpTanrmterceUular spaces? How is ho« S peafiaty 
determined at the pathovar-host speaes level? That b, are 
^Tgene interactions important here also, as suggested by 
Z diLvery of novel avr genes through expression m heter- 
Sogou^aSovars (44, 83), or do Avr-like proteins have un- 
poSp^sitive effects in bacterial adaptation to host spe^? 
Given the use of homologous secretion systems, how smnter 
«e the functions of the virulence proteins that plan and ani- 
S pathogens transfer into their hosts? ^quenc*s^Ues 
King s^ecreted Yersinia proteins have been noted onj 'be- 
ween YopN and YopJ and the R amyhvora HrpJ and X 
^pestrii^. vesicatoria AvrRxv proteins, respectively (10, 
m Since YopN appears to be an extracellular componen t of 
Aeioetion system and the effector activity of YopJ is un- 
InownTSs toy question remains unanswered. Further com- 
Sns^oufd give us a broader perspective on the evolution 
StaSia? pathogenicity and may lead to unanticipated con- 
trols for diseases of both plants and animals. 
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Isolation of the hreX Gene Encoding the HR Elicitor Harpin (Xcp) from Xanthamonas campestris 
yy. pelargonii. S, SWANSON and Z-M. Wei. EDEN Bioscience Corporation, Bothell, WA 98011 USA, 
Phytopathology 90:S75. Publication no. P-2000-0537-AMA. 

This study reports the isolation of a gene encoding a proteinaceous HR elicitor from Xanthomonas 
campestris pv. pelargonii, Xcp. The HR elicitor exhibits a high potency for eliciting ( HR in tobacco. 
Treatment of the Xcp HR Elicitor with proteases resulted in a loss of HR activity. Regenerate 
oligonucleotides were designed based on amino acid sequences obtained from the purified HR elicitor 
and used to screen a Xanthomonas campestris pv. pelargonii genomic library. An open reading frame, 
ORF, was identified consisting of 381 base pairs that encoded a protein of 126 amino acids. The ORF 
initiated with a typical methionine start codon and was preceded by a putative ribosome-binding site. 
The ORF was designated as the hreX gene, encoding the HR elicitor harpin (Xcp). HreX has a molecular 
weight of 13.3KD, a theoretical pi of 3.8 and is glycine rich. Further studies of harpin (Xcp) and its 
bioactivity are currently underway. 
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- Yi-: Unified nomencietui*:tor broedly conserved tap. 
genes of phytopathpflenfc bacter.1* . 
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Genes -oTpla^^ controlling hype^ 

* ^reWveV^ eWt^tlon" and £athogenesfs; . 

^wWdesigrW-W. by Uru^rener'at )ri 1986 (J «*>. 1.; 

terigt 168: 512-522). /wp.gaies have been charac^erl^dv; ; 
1 " In* several' «pi»dM\^/4h»:.lov ^Bwaw* *'-*" l P?; , 4 

negative plant pathogens, 'pirii^^iudomofmBr Raf- } • 

stenfe (a-new proposed : geifius ircrfudftg Pseudomonas< :> 

• ^scJ^^iar^^^ h/p gsner ; 
•v'have be«i found mainly inllarge [dusters, and they have. • 

• - .been stiowri to bi ; cor^ived 'physically and. In mantf V 

• cases; functionally among different bacteri a. Hybridization > . - 
• studies i and genetjcanfiJysea teve r^ealed fte presence. 

* jJ1Snaior^^^ V-* 
: .- caMy observed to elicit an HR; such as.Erwinia chrysan ;;:;;; 

iftemr and Erwinia Stewarts suggesting that hrp geher .' ... 

Vmav be common to all Granwiegative plant -pathogeny ;- * 
possibly excluding ^roba^erlvm spp. Current knowledge- ' 
of i^ genes has been i^w^.^ QiffrT^: 

(1995; )nPa1hofin<&^ Specialty. ; 

• Plant Diseases: His^thpiog^ B .Genetic/' 
and Molecular Ba&yjtamX (Kdhmoto. ef a/., eds); ; 
\ C^rd: PerganK)n.Pj^pt>. 273-292^ 
The nudeotkJe fi^'uer^ 
<X Ralstonla solanacearifn (pTevioudy P. sofanacea/um) / 
... (Geninef at, 1992/AWAtoobW6: 3065^3076; Gough et 
V at, .1992, : WW Plant-Microbe interact 6: 384-389; .Goutf* . . 
.••ef at; 1993, McV Gen Gerwf 239: 378-392; Van Gtfsegem 
«f«t/l99S, MotMopbHW -1095-1114), Erwfrft flffiVfr . 
vo/a (Bogdanove ;eif it, 1996. J Bacterjpm*: 1720*4730!'. 7 
^WeTand Beer. 1993, jBactertoM75: 7958-^7967; Wei and ; 
•'' Beer. 1995, J Bacterid 177: 6201^-6210; Wei ef at. 1992... 
.'Seance 257: 85-68; ftV. ^ T unpublished), Pseufcmt> ' 
•nas svrinoae pv. gyrft^e (Hua^ ef at, 1992, J Bacterid ; 
! 17* 6S7W885; -iusnQ:)^ 

Jnte/act 6: 515-520; Huaing ef at, 1995. Mot Plant-Moot* . 
inte/a«8: 733-74^ UdeDi^ 

Microbe /nteiacf 7: 488r497; ^Pr^efat.1995, AWPten^v 
Microbe Interact 8; 717-732; Xiao ef at, 1994, J Sacteftofv 
176: 1025-1036),' ^nd Xanthombnas campestrls WLta ab' \ 
> cstoda ( Fenselau e^r i 992,;/W^P^M^^ 
^ 5: 390-396; FenselaU and Bortaa, 1995. Mof Ftent- : 
Wfcrote Interact 6: 845-854; U Bdnas, unpublished), 
have lien largely determined. ThesjB (dystere each contain ; 



. • ■*."♦• <•«•*« ** • • * • ,* -.. . . 

more .tha^twen^ genesi.nwy.pf Wjlch. ftnpode compo- ... 
nents : of a -towel • prbtelive ecn^-'iptothv^. : designated ;. 
' ^typejlC. it li^ been sh^'dte^ extracettu- V 
v"' B -1ar-{Mpli!m' bivplrad m pedogenesis and ;def en« eltetla- ♦ 
■ ? Hon by . ptentpathogenb bacteria "utiaze this -pathway \ 
; 'b (Artat;ef at, 1994, EM8Q J1* 543-5S8; Heel at...19S3. < 
r v :tdlf 73:* 1255^1266; W|rt.^!^, : 1jBB3;'^}» Wd.thi " 
l . • ; pathway is kndwri to functtoo in the export of yliulenoe fao- ■ 
: 'Itors from the ^ iuriimal pathogens Salmonetia typNmurkm,. 
f ' ? Shigella : tlexneri and;.' .VeisWe : ^te/cofflto* ' y©n?We . 
s'. r . poste, an0 y^^ 

> <: '- Salmbnd and Beeye^- 1^3. Tn^.Btochifcn Sd 7-.. 

j12;and;Van.GgsegOT >f 
. -175-180 ^ Nine type Ul secretsbn genes are conseived\ ' . 

^mon g aD fpiir of the plant pathopen a listed above and • " 
^ - among* the animal pathogens. Based on sequence analy- . 
V . W and'sonie expertmentaJ ' evidence;. tJwy. are believed to . * 
. . ./ encodie bfte .out^ outer-mem- 
> :^^brane^s6dated lij^proti^ pro- 
". >te^$i -and two cytoplasmic proteins, onie of whk* Is a 
putaflye ATPeise.. Al\rt the Pl^Wed g«P« Pfpduds, 
: • exoapt pouter-membrane pi^r^ show significant aimh 
■ tarity to % components if the flagellar. biogenesis complex: ■ 
(tor reviews see BWr f \t.9$5; Armu fiev Mcrobhl 49t^ 
^^^.and.Blschc^ 1992, ^.Microbiol it. . 

.23^28 ). We herein rialtitr to the fap-ehcoded tyjpe lit patfh . 
W^i^lirTIrP pafawrt ^ ■ ' " v ^ . 

because 7wp*gene5 nave been characterized fndepen- , 
:-denfly .In diverse; plant^attjogenic bacteria, htp Qprm 
nomen^tuie'iflfterS^lh.d^ and: it Is not v 

always ^consistent even wtthlri'the same orparttem. Dlk 
.'tsrent designations are used for homotogpus genes, and,! 
even wdrs^,1he same deslghrfon ls Used tor different 
genes In. different organisms. Fbr exampte,. tvpt 0* £ [ 
amylovora te : homologous with /upC2 of X. campestrls 
pv, veshatoria ^/hq^-^^sohmaGeM^ and fha 
: homologue in P. • sjrringae. VH. syringao appear* In the 
literature both as /wp/and as Also, ?iwpW f In Rsoli- 
nacearum designates a sefcretlon^ath^y .genet whereas 
Iri t?. a/nytovprta, 'hrptf designates the gene' encoding the 
elicltpr harpin. Furthermoiei in many bacteria the number 
♦of known hrp genes approaches 26 ? ki. anticipation of 
^exhaijsfing the alphabet, some authors cl^ose to designate . 
hrp genes wKh.e letter and a number, creating the potential . 
for confusion of distinct, genes vtfh alleles of the same 
gene. For hrp gene researchers, the currelrt nomenclature 
. Is attest ^mfconvenient ^ for other Sdentisfci, It is bewildering. 

.Another problem exists: accumulation , of knowledge 
about the structure of hrp loci, has outpaced the accumu- 
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teflon oHnformation regarding thespeclficfunc8<TO 
vidua) genes. TVplcaBy;./wp tod have t^^kjenfified by 
polar; transposon mutagenesb! Corroiyably, a particular 
gene within an operon required (of the -Hrp pher^pe"- 
may no* .be a strict Hrp/detenplnart. ^ rnay i*w •;. 
more, subtle role. Moreover; even phenbtypw of mutatfcrte- 
In well^fcaracterfeed top genes are not the same: In aB 
pathogens. For example, .'although the hrpNQ^o^f'E 
amykjvora Is required for j»toogenesis : of pear'frufclhe 
homologous gene In EsiewartB (D. ; L Coplln, unpubBshed); 
Is dispenses for pathogenicity of com. In the rhaoerpgphfe; 
bacterium £ chrysantherH even potar^rnutations that <fis-- 
wpt h/p secretion altbgether'only reduce the apparehtlre- 
quency of successful infection initiation (Bauer etaL, 1994; • 
Md Piant-Mfcrobe Interact 7; 573-581). Thus, the <tesk> ! 
nation Vi/p-in Its strict sense, te„ meaning required for. 
the HH and pathogenicity, is not uniformly applicable. * 

At the 7th International : 6)n^^ 
Microbe Interactions held In EcDnburph, Scotland In 1994, a 
committee of top rcseartfiers and others was formed Jo 
address 'these problems. We, the committee members* 
agreed upon a system to standa/dfcenames for tie subset 
of top genes that are broaty conserved, and agreed t> 
broaden the definition of the i /irp i designation, as fottowe. 

For the subset of top genes that are broadly conserved; 
the new, unique, lower-case symbol Tire* will be used The 
4 hr* of top has been retained In order to evoke that name, • 
and the V has been added to derate Sonserved/The 
upper-case designations wffl .wrrespchd to those of the , 
type III secretion genesipf .Yersinia spp. (itor a review^ 
see^Forsberg et aL, 1.994, jwklsto MkribM iz 14-19), . 
yscC. yscJ, yscH yscChU, ^ ^ except that thefcrf) 
homoiogues wiO be designated % tocV % to- avoid confusion . 
of these as homoiogues of yscD, wWch Is another, less : 
weD-conserved type III gene of Yersinia spp. We request ' 
that Yersinia researchers omit: the letter y In naming 
any new yso genes, trW.mlgjht; be dislawered ^ 




s ^r^: ; :«?*v..; • . • . ; • ' 

V m^n^tur^ y^s- ^osen .as- a standard for revising ftrp * 
gene roames^ ^ 

xrf aB the genes {thai oomprtze. the several known type III 
'systems, the yersinia genes shw the highest degree of 
: i^uepce similarity; to.the type 1(1 (hip) genes of plant 
, :pathcgens, ^ The new; namw for the* nine genes are given . 
Jn table t ^.ong wllh.^ie current names In ft sotont-.V 
{cearifffu E. amytovom, P. syringe;?** syringae t and X- 

campestris pv. ves/catoria, and the names of homoiogues 

Involved lln flagellar biogerierie. ,*\ . 

.'" in designating genes as *to\ troacfly conserved' genes 

were definedV being preser* among th$>jp genes of at 

least one represent^ 

pathogenic genera dtecussed here and arrKJng t» typs' III 
genes- of each ; 6f the ;8r*rol^athogerte 
typtomuriur^ SJ flaxne<ri . and the;fw&e yiwsWae. ' Gens 
families were defined based pn peirwvise sequence align* 

-ments. iAny two genes . 

•rt alignment (pevereux et aUA^ Nud Ackb Res 12: 387- ' 
395) erf : the predicted amino .add sequences using default . 
parameters yielded a quaffiy score at least five times the stan- 
dard deviation above the mean quality score of 100 aBgrv 
meats, for eadh of which one «f;the sequences had been 

'rarKfanr^pria.toe^ 
O^ a hinw ^ hkm *> Analyse Derbed Amho AcU .. 

V Sequences. Mfl Valley, Carcbrrte University Science Books). 

' . Genes that dd not meet the criterion for the *hnf designs* 
ten will remain Vup\ We have ctosed to.use this criterion 
unffl mqre ^ data regarding 'stnictum ^ precise ^ 

: the jxoducts of the ifirp and other type til genes becomes 
avaflabte; ,Sprne bf the genes ^ that did not meet tte criterion 
M feet may : -te'^^ Brwinia, .PaeudO' 

rrpna& homoiogues In the 

anlmai pathogens,* yet may- be eutjlde^.drwrged to 
pbsc^ .obyiotiSihorrwIofly by direct sequence compart- 

• son. As s^uctura) and fonctiorilal data acpnie, such rela- 
tionships become clear, and .the list of. toe germ i 
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.and X csrrvesvis pv. veskxioria. Homoiogues trwl function In Sag^ttar bipoenesisrew given in ttw \ 
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*a tough tfal. 1982, foldf^ . • •'•'•.«■"• 

b, Bogd&nove era*, 1096, **t;Wel end eeef,:iSS3, toidr&V.Beer^unpublWwd. . 

c Huang eraL 16fi2, Wd. k Huang at at, Mrf «anr-W5cnDi»e ifjlemcf S? 5.1 6-^^993;. Huang at at, 1996, WcLr UdeO and Huteheeon, Mol Plm* 
Microbe Interact 7: 4SS-487, 1994; Preston ar aU l *199S t fold. The predicted product of toUS.a&git wflh tw rMermineJ two-Wrda of a multiple 
alignment of the other, plant- and arUmaKpathogen homoiogues; thai of hipU aligns with the iwraihlng NHermlnal one-third Respectively, theee 
DAnMwiBbedealo^ted^wO^'and'/^^ • 

dFensetau ei Tl9fi2. Kd.J Fenselau.and Bonaa, 1 WS, Ibid.; U. Bow unpublished. Hwanfe et a/, (1992, Jeteter«174: 1923-1931)pubfiahed 
. the sequence of two genes from Xoothomorm campestris pv. ot^a, designated -OB? fand 'ORF^'Jhat are homologous to.hrpOl and hrp02 of 

e.F*rs^ew*,^ . 

C 1995 SlackweU Sdenca Ud, btet*^ MtexMotogy, 3Q, m-*8& 
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may grow. For any rvew/)/p genes thai may Wdi elements undeit>ing the varied and Intricate Interactions 

mieopiB^ crk *' of bacteria .wijhptait!* V ^ \ V ' 

it tertoh for use of ti>$ c^lgnaSpn until suff^itf etrucr ■•. .:' . ' For convenience; and because !hnf represents a subset 
./tuWl and tonctior^^ -'V^'- H '*!ji of/wpgi^?wc^^ * 

y Soro/upganes^ ' to gener^.discusslon as 'hrp\ as Inthaphxase/the hrp 

r plant pathogens. One example is tte'regutatory gene topB ' genes.ot phytopathogenk: bacteria/;Th.e combined desiq- - 
' oiRsolarvcear^ \ y nation '/vpytf may be used to specify a email group of 

. , member of the a/aC family,^ are arranged cartinearty with. 

* rfXca/qpesfra in %*aniho#nofles -canvwsfrfc pv. 
2017-2025; Kahmn .and Kado, 1990, J Becteridl 172: • : vesfcator/a:' Operons containing, fwc genes still may be 
5165-3172; U. Bonas, unpublished)', but absertf^ the. V referred 

topgenedu^ with the same name (hrp or- from nwe or» plant 

contain regulatory genes that are members tftfexMK pathogen, extinctions can be made where necessary 
component regitotory-system family. (Grimm ef al, i 995, using abbreviations for the juimes of the dfffererit,bacterla 
: AfW Microbiol 15: 155VI65; Grimm and Panopwioa,' / subscripted to toe gene name/ : 
* : 1989, J Bacterid/ 171: 5031-5038; Xiao; et at J994, The unified rK^nctetoreW.cc^ will 
bid; & V. Beer, unpublished).;^ another examptt, if*. benefit research In several ways, It makes the known 
hrp, gene clusters of ft syringae and £ amytovora each :' homologies among, plant pathogens explicit. .It provides 
contain s bcmologiJe of the. Yersinia gene ycpN (Bog^. : for "-.easy, cross-reference to other- systems, partlculary 
danoveefaA, 1996, Ibid.), yet no fwmologue c^ this gene that of Yersinia spp. It facilitates writing and speaking 
has been found In 1 /?, sotanaceatum or X camoestria. it. • cogently about Tup genes; Finally, if transforms a pre- 
fe noteworthy 1hat;the genetic organizations of the top. ' viousty confusing jumble of gene names Into a weB- 
gene clusters of X campestris and ft solanacearvm are ordered catalogue* which is an accessible reference not 
quite similar to, yet distinct from, those of .ft syringae] . only for hrjp researchers,, but also for those studying 
and £ amyhyora, which resemble one another. We wffl . other type III secretion systems, . 
not attempt a nomenclature! revision here tar any of the 

non-hn? genes, but we encourage authors, wherever pos- . Adam . J. Bogdanoye, 1 Steven V; Beer, 1 Utia Bonas,* 
sible^to standartfize names for such genes, at least within Christian A. Boucher, 8 Alan CoDrner, 1 David L Coplin, 4 
these subgroups, by using conventional rules for bacterial . Guy R. Cornells, 5 Hsiou-Chen Huang,? Steven W. Hutch* 
genetic nomenclaUfle, including priority ^publication, ' eson, 7 Nictates; J, Panopbutee* and Fred&rique Van 
as a basis for' naming homologues (Demerec ef aL tr Gijsegeffl** 

1968,. Genetics 54: 61-76). Although the. same name . 1 ] Department of Plant Pathology; 334 Plant Science, 
mlghtbe used for different genes across subgroups r stan- ' Cornttf University, Ithaca, New York 14853, USA 
dardized ; names, and the similar genetic organizations ; . *CNR$ Institutdes Sciences. V^tafes, Avenue de la 
within the subgroups should greatly facilitate comparative . Tenasse, B&timent 23 9il 9B, GN.aur Yvette Cedex, 
studies and application of information .teamed in one.. ' France. . 

. specie^ the study of another. $ INRA-CNRS Laboratolre de Bioidgle Mof4culalra.de 

"Asforthedefln^ofthe'f^ Relatk>n$Plantes4Aic^ 

• Include not only genes with a Hrp phenotype, but any gene' Borde Rougei tesiar&hTotosan 

' associated with the Hrp pathway by function homology, or . 'Department of Plant Pathotogy, The Ohio State 
location within a gene cluster or operon tiwt Is essential tor ^ . University* Cbhjmb& 

the Hrp phenotype; We view use of the 'top? designation in . . . s Mtoqbial Pathogenesis Unit. International Institute of 
this larger sense as elective , rather than mandatory; For Cellular and Molecular Pathology and University of 
example, the designation Tpa' has been used for tirg V; Louvain Medical faculty, B-120Q Brussels, Beighm. 
associated genes shown . not. to have a strict Hrp pheno- - *AgrkxitiuralBk)technc^ 
typo in R solanaceamm. (Gqugh et aL; 1993, ibid.), in ; tteing Uhhre^,;Tak*iufa Taiwan. 
orderto minimize confusion in .the literature, we propose r': ^ University of Maryland, 

that this deslgnatioi be maintained for such genes in this ' College Park. Ataryland 20742, USA, 
•orgarism and In X canr^^H wever 4 ^ 

' 4 and the erwiniaei in which gene jphenotypes. may differ •; - F.O.ar.R and Departmerrf erf Btohgy; Univer8ify cf 
from species to spades, we propose a unffied noiTOnda* ^ / Crete, PO Box 1$27, Herakton 71 1 10, Crete, Greece. 

, tore b^sed on the more hcluslye definition of hrp genes » ^ cbnesponde^ 
presented here.' We hope that this broadened .definition [ Received.14 February, 1396; reyfeed26 February, 1998; 

*' wffl help us to gain a focussed i^erstano^ng 
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Two novel regulatory components, hrpX and hrpY, of the 
hrp system of Erwinia amylovora were identified. The 
SXeron is expressed in rich media, but its trar*cr>p- 
donfa increased threefold by low pH, nutrient, and tem- 
^Srt Set-conditions that numic the plant apoptast 
hrpXY* autoregulated and directs the «pr«rfonof 
hn>U in turn, activates transcription of other tod m the 
Z «ne dusUr (Z.-M. Wei and S. V. Beer, J. BacterioL 
MS Tim. The deduced amino -acid sequences 
oJ /S and ihrpY are similar to bacterial two^omponent 
othrpXaaanrpi are p S eudomonas 

SfSS/UhpA and NarX/NarP, NarL of A*"»- 
co/i The N-terminal signal-input domam of HrpX con- 
St^S domain repeats. HrpS located Mj^ 
hroAT , encodes a protein with homology to WtsA (HrpS) 

mof«B syringae, and other (^-dependent, enhancer- 
SSL Sins. Transcription of A^S also is Induced 
?ions that mimic the plant apoplast. Howev«v 
J™ S is not autoregulated, and its expression lis not affected 
lyhrpXY. When hrpS or AipL were provided on muWcojy 
plasntids, both hrpX and top* mutanto recovered the abd- 
toTelidt the hypersensitive reaction in tobac^ Thte 
« JL th»t fcmS and hrpL are not epistatic to hrpXY. A 
=STS r^ry^cades leading to *e induction 
of the K amylovora type ffl system is proposed. 
Additional keywords: fire blight, pathogenicity, virulence, 

Erwinia amylovora is the causal agent of the fire blight dis- 
jTcZmy rosaceous plants including pear and apple (van 
dTzweTand Beer 1999). The bacterium infects blossoms 
lent shoots, and immature fruits J^T^ 
the infected plants include water soaking and discolorauon. 
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followed by necrosis. Sometimes the disease kills whole trees 
or substantial portions, resulting in devastating economic loss. 
In nonhost plants such as tobacco and Arabidopsis, the bacte- 
rium elicits the defensive hypersensitive reaction (HR), which 
is characterized by rapid, localized, cell death (Goodman and 
Novacky 1994). For infection and HR induction, genes gener- 
ally called hrp (hypersensitive response and pathogenicity; see 
Alfano and Collmer 1996 for a review) are essential. 

The hrp gene cluster of E amylovora Ea321 has been 
cloned in several cosmids and enables nonpathogenic bacteria 
such as Escherichia coli to elicit the HR in plants (Beer et al. 
1991). According to phenotypic analyses of mutants, hrp 
genes of E amylovora are localized within a 25-kb region of 
DNA. consisting of at least eight transcriptional units (W« 
and Beer 1993). Sequence analysis (Bogdanove et al. two, 
Kim et al. 1997) indicated that the majority of hrp genes en- 
code proteins that are thought to be components of a special- 
ized protein secretion apparatus called the type HI pathway 
(Hrp pathway for plant pathogens) (Galan and Bbska 1996). 
Several proteins including harpins (HrpN and HrpW) and a 
pathogenicity/avirulence protein .(DspE) have been shown to 
be secreted via the pathway (Bogdanove et al. 1998a; Kim and 
Beer 1998; Wei and Beer 1993). 

Transcriptional expression of hrp genes is induced under 
conditions similar to the environment of the plant apoplast 
low carbon and nitrogen, low pH (5.5), and low temperature 
(18°Q (Wei et al. 1992). Two independent loci, complemea- 
Ltion groups IV and V, in the hrp cluster were found to have 
* regulatory function (Sneath et al. 1990; Wei and Beer 1993. 
1995) Mutations in these loci abolish hatpin production and 
the HR-eliciting and disease-causing abilities of E amylovora 
(Wei and Beer 1993). PreUminary sequence analysis mdicated 
that one of them (group TV) contains a gene called hrpS 
(Sneath et al. 1990) that encodes a protein similar to a~- 
dependent transcriptional activators (Morett and Segovia 
1993) Complementation group V encodes hrpL (Wei ana 
Beer 1995), which is homologous to genes encoding members 
of the-ECF subfamily of eubacterial sigma factors (Lonetto et 
al 1994) HrpL recognizes conserved promoter sequences 
called "hrp boxes" (Xiao and Hutcheson 1994), and directs 
the transcription of other pathogenicity genes deluding top 
secretion operons (hrpA, hrpC, and W (We, Beer 
1995), harpin genes {hrpN and hrpW) (Kim and Beer 1998 
Wei and Beer 1995), and a disease-specific locus (dspEF 
[Bogdanove et al. 1998b]; dspAB [Gaudriault et al. 1997]). 
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Here we report the characterization of two new regulatory 
genes, designated hrpX and hrpY, and the further analysis of 
hrpS. hrpX and hrpY arc present in an operon situated between 
hrpS and hrpL Analysis of deduced protein sequences sug- 
gested that they constitute a two-component regulatory com- 
plex; HrpX functioning as a sensor and HrpY as the response- 
regulator partner of HrpX. hrpX, hrpY, and hrpS are compo- 
nents of a complex regulatory network that leads to activation 
of hrpL and eventually other genes in the hrp cluster of £ 
amylovora. 

RESULTS 

Identification and sequence analysis of the hrpXY locus. 

Previous studies have identified several loci, including 
hrpC, hrpA y hrpS, hrpU and hrpJ, that are essential for the 
Hrp phenotype (Bogdanove et al. 1996; Kim et al. 1997; Wei 
and Beer 1993, 1995) (Fig. 1A). Preliminary genetic analysis 
of pCPP430 in Escherichia coli suggested the presence of a* 
new locus, between hrpS and hrpL, that also is required for 
the Hrp phenotype and contains novel regulatory components. 
We have designated this locus hrpXY. 

A 3.4-kb BgflL- and CM-digested fragment of pCPP430 
was cloned into pBluescript KS+, resulting in pGPPU78. The 
sequence of the insert of pCPP1178 revealed two tightly linked 
open reading frames (ORFs) between hrpL and hrpS that are 
capable of encoding proteins of 495 and 213 amino acid resi- 
dues, respectively (Fig. IB). These ORFs were named hrpX and 
hrpY, respectively. Potential ribosome-binding sites, AGGAG 
and TGGAA, were found 5 and 7 bp upstream of the hrpX and 
hrpY start codons, respectively. Although the ribosome-bind- 
ing site ahead of hrpY weakly matches die consensus sequence, 
we assume it is sufficient for translation of hrpY; only a 4-bp 
space exists between the hrpX stop codon and hrpY start 
codon and translation^ coupling is plausible. To confirm that 



the hrpX and hrpY ORFs produce proteins, pCPP1178 was 
placed in a gene expression system mediated by the T7 RNA 
polymerase. Two distinct protein bands were visible following 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). The apparent molecular masses of HrpX and 
HrpY were about 50 and 25 kDa, respectively (data not shown), 
close to the sizes expected from the deduced amino acid se- 
quences. 

The start codon of HrpX is located 146 bp downstream of 
the hrpL stop codon, and a promoter prediction program (see 
Materials and Methods) identified two putative o 70 promoter 
sequences, TAGACG-N ir TAAAGT (score from promoter pie- 
diction by neural network =* 0.97) and TTGCAA-N 16 -CCTAAT 
(score = 0.95), 111 and 33 bp upstream of die hrpX start 
codon, respectively. There is a 361 -bp noncoding region be- 
tween hrpY and hrpS. Palindromic sequences that may serve 
either as targets of regulatory components or as transcription 
terminators, GTAAACANTGTTTAC and GGATAAAATGG- 
TTGTGG-Nr^CGCTTCCAITITArCX; were identified in the 
hrpLrhrpX and hrpY-hrpS intergenic regions, respectively. The 
tight linkage of hrpX and hrpY, and the existence of long non- 
coding areas and inverted repeats upstream of hrpX and 
downstream of hrpY, suggest that the two genes form an op- 
enxL 

HrpX and HrpY constitute 

a two-component regulatory system* 

Comparison of the predicted amino acid sequences of hrpX 
and hrpYvrith sequences in the data bases revealed significant 
similarities with many two-component regulatory proteins. 
The homologs include VsrA/VsrD of Pseudomonas (now 
Ralstonia) solanacearum, which regulate virulence gene ex- 
pression (Huang et al. 1995b); UhpB/UhpA of Escherichia 
coli, which participate in the regulation of sugar transport 
(Friedrich and Kadner 1987); NarX/NarP,NarL of Escherichia 
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Fig, 1. A, Operon organization of the krpldsp gene cluster of Erwinia amylovora cloned in pCPP430. B, Central region covering regulatory genes hrpL, 
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coli, which arc involved in the regulation of anaerobic respi- 
ratory gene expression (Rabin and Stewart 1993); and 
DegS/DegU of Bacillus subtilis, which are involved in extra- 
cellular enzyme production (Kunst et al. 1988) (Fig. 2; Table 
1). In addition, HrpY showed high sequence similarity with 
many other transcriptional activators including ExpA of £ 
carotovora (33% identity), which is involved in global control 



of virulence (Eriksson et al. 1998); UvrY of Escherichia coli 
(33% identity) (Sharma et al. 1986); SirA of Salmonella ty- 
phimurium (32% identity) (Johnston et al. 1996); and Gac A of 
several animal- and plant-associated Pseudomonas spp. (29 to 
30% identities) (Laville et al. 1992). 

The high sequence similarity of HrpX with histidine kinases 
suggests that HrpX is a sensor. HrpX has the conserved His 
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Fig. % A, Diagramatic illustrations of HrpX and HrpY of Erwinia amylovora showing predicted domain structures. B and C, Alignment of HrpX and 
HrpY with similar proteins. Designations of diagrams are after Parkinson and Kofoid (1992). PAS-A and PAS-B denote two repeats of the PAS domain, 
H and D phosphorylated histidine and aspartate residues, respectively, and HTH the helU-turn-helix DNA-binding motif. Overlines represent the S- 
boxes in the PAS domain (Si and S£ and the HTH motif. A putative tyrosine kinase phosphorylation site (TKP), a hydrophobic region (HP), a putative 
charge-rich linker (4/-), and a helix-loop-helix dimerization domain signature (HLHd), and phosphorylation sites (F) are shown by shading. PILEUP 
program (GCG software package, vers. 7.3; Genetics Computer Group, Madison. WI, U.S.A.) with default parameters was used to align me sequences. 
Accession numbers of the compared proteins: NifL of Azotobacter vinelandii, SWISS-PROT:P30663; VsrA and VsrD of Rolstonia solanacearum, 
PIR:S41544 and PIR:I40540; and GacA of Pseudomonas fluorescent, SWISS-PROT.P32967. In the HrpX alignment, only 27 to 152 residues of NifL 
and C-terminal 243 residues of VsrA are shown. Also, the HrpX sequence is shown on two lines for the first three rows. 
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^Sf tot L kinase domains of the sensor proteins listed in Table 
SN-*S>utanve input domain of HrpX shows sinular- 

ZlLtotrvphicum, Azptobacter vinelandu, and otheror^- 

SSdnTtwo highly conserved regions called S^andfc 
boxes (Zhulin etal. 1997). In the case of HrpX, the second ^ 
SpAS-B) seems imperfect (Fig. 2B). Based on ScanProsite 
^ • rAnL^Tal 1994) another feature of HrpX with un- 
S5T£Slf ^2? h a putative tyrosine kinase phos- 

JS dSt the N terminus (up to 102 amino acid res, 
Sand a DNA-binding domain at the C terminus <Fig>2A). 
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helix-tum-helix DNA binding motif. HrpY also has a se- 
quence that matches the Myctype telix-loop-heta dimenza- 
Son domain signature (PROSrrE*S00038), the functional 
significance of which remains to be tested. 

Genetic characterization of hrpX and hrpY. 

The hrpXY locus in pCPP430 was mutagenized wiA«ms- 
posons Tn5.g^i and TnptoA. Derivatives of pCFP430 
containing the transposon insertions were marte-exchanged 
into the genome of E. amylovora Ea321. All hrpY mutants of 
Ea321 failed to elicit the HR in tobacco and to infect imma- 
ture pear fruits (Fig. 3A). Two classes of fcipX insertion mu- 
i were obtained. Ea321-G15 and Ea321-G7, which were 
made with Tn5-gi«AJ. were similar to hrpr mutants in phe- 
notypes. Ea321-F7, an ftrpX::TnptoA mutant, caused slight 
ussuVcoUapse in tobacco at higher inoculum dose and had 
low virulence in immature pears, rather than the strict ftp 
phenotype (Fig. 3A). Specifically, tobacco leavesi infiltrated 
with Ea321-P7 at Z 5 x 10 s CFU per ml developed a spotty 
HR 36 h after infiltration. Also, in immature pears inoculated 
wfm me mutant, bacterial ooze appeared 3 days later than in 
those inoculated with the wild type, and the Wf*™?** 
mutant recovered was only one-tenth of that of the wild type 

(data not shown). 
Virulence of the mutants was restored to near wild-type tev- 

els by providing the mutants with pCPP1178 in trans (Fig. 
3B) The fc/pX::Tn5-gwAi mutants of Ea321 were not com- 
plemented by PCPP1178-P4 that contains a transposon msex- 
tion in hrpY (Fig. 3B). This suggests that hrpX and /up? are in 
£ sle^transcriptional unit and the Tn5-g«aU M-j uj 
hrpX are polar. We found, however, that the 
mutant Ea321-P7 can be complemented by pCPPins-r*, 
indicating that the InphoA insertion of hrpX did not affecttbe 
Son of hrpY &g. 3B). TnphoA-mduced mutanons Aat 
permit the expression of downstream genes have been ob- 
served frequently in E. amyl^cra^ Wei and S J Beer, 
unpublished data) and Pseudomonas syrmgae (Huang et aL 
1995a). Thus, we beheve that the P7 insertion is nonpoto and 
K peculiar phenotype of the Ea321-F7 may reflect the 

function of hrpX. 

All the transposon mutations in the hrpXY locus were com- 
plemented by derivatives of pCPP430 with transposon inser- 
t^Thrpl or hrpL (data not shown), confirming the sug- 
"gSon from sequence analysis that hrpX and hrpY consUtute 
L independent complementation group. Based on results of 
sequencV analysis and genetic chanctenzatioo. we conclude 
®hrpXY is required for the Hrp phenotype, and (u) hrpX and 
hrpY constitute a two-gene operon, hrpXY. 

Expression of hrpXY is environmentaHy regulated. 

A new construct, pCPP1203, was used to monitor expres- 
sion of the hrpXY promoter in a nutrient-rich medium aada 
minimal medium that induces the expression of JbpgM 
(Wei et al. 1992). pCPP1203 was derived from f^™*- 
ris (hmX-TnS-eusAl) in which the directions of hrpX. ana 
^Se T samt^Pli78-G15 was digested wi**£ffl 
and SocI (an SacI site is present in ^. v ^^ ch y c ^ 
me hrpXY promoter region, a 5' portion of the hrpX coding 
region fused to Tn5-g«sAJ, and the whole transposon Th 
Sng fragment was then ligated 
been digested with the same enzymes. pCPP43 (gift of David 
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W. Bauer) is a derivative of pOU61, which is a low-copy- 
number plasmid (approximately one copy per bacterium at 
30°Q(Larsenetal. 1984). 

In £ amylovora and Escherichia coli, the hrpXY promoter di- 
rected high levels of basal expression in Luria broth (LB), but 
expression of hrpX::Tn5-gusAl was enhanced threefold in the 
A/p-inducing minimal medium (IM) (Table 2). Enhanced levels 
of hrpXnTvS-gusA] expression were also observed from assays * 
of the strains in tobacco leaves and immature pears (data not 
shown). No ^-glucuronidase (GUS) activity was detected for 
Escherichia coli S02OOAwaM(pQT12O3) unless functional 
hrpXY was provided (Table 2). Similarly, high basal-level ex- 
pression of krpXiiTitf-gusAl of Ea321(rjCFP1203) in Table 2 is 
probably due to functional hrpXY present in die chromosome. 
The latter two observations indicate that hrpXY is also au- 
toregulated. 

hrpX and hrpY control the expression othrpJL 

To study the effect of hrpX and hrpY on the control of hrpL 
expression, a hrpL:Tn5-gusAl fusion (pCPP139-G44) (Wei 
and Beer 1995) was marker exchanged into an hrpX mutant 
(Ea321-P7) and an hrpY mutant (Ea321-P4), to generate hrpX- 
hrpL and hrpY-hrpL double mutants Ea321-P7G44 and 
Ea321-P4G44, respectively. Mutation in hrpY completely 
abolished hrpL expression (Eg. 4). However, the hrpX mutant 
reduced hrpL expression only to about 20% of its wild-type 
level, opening the possibility that the mutated HrpX may be 
still partially functional or another sensor protein may cross 
talk with HrpY. 

Analysis of the hrpS locus and the ORFs 
between hrpS and hrpA. 

hrpS also partially controls hrpL expression in £. amylo- 
vora and is located downstream of hrpXY (Wei and Beer 
1995). We report here the entire nucleotide sequence of the 
region between hrpY and hrpA, which includes hrpS, to com- 
plete the preliminary results on hrpS presented previously 
(Sneathetal.1990). 

The hrpS locus of £ amylovora Ea321 contains a single-gene 
operon, based on the large intergenic regions beyond the coding 
region of hrpS, and a potential terminator, CGGCGACAGC-N r 
GCTGTCGCCG, that lies 49 bp downstream of the hrpS stop 
codon. The hrpS ORF is preceded by a potential a 70 promoter, 
GTGGCA-N, r TAITAC (score from promoter prediction by 
neural network = 0.96), and it encodes a 324 amino acid protein. 
HrpS has homology to members of die cr^-dependent, enhancer- 
binding protein family (Morett and Segovia 1993). HrpS shows 
highest sequence similarity with WtsA (HrpS) of Erwinia 
(Pantoea) stewartii (Frederick et aL 1993) (79% identity over 
322 amino acid residues without gaps from BLAST?), HrpR 
and HrpS of R syringae pathovars (51 to 55% identities) 
(Grimm et al. 1995; Xiao et aL 1994), and DctD of Rhizobitm 
spp. (39% identities) (Jiang et al. 1989; Ronson et aL 1987). 
HrpS of £ amylovora has two putative ATP-binding sites at die 
N terminus and a helix-tum-helix DNA-binding motif at the C 
terminus (Fig. 5A). HrpS shows high sequence similarity to 
other regulators in the NtrC family throughout the entire 0 s4 
interaction domain. However, similar to other HrpR/HrpS pro- 
teins, HrpS of £ amylovora contains a very short N-terminal A 
domain (Shingler 1996), and seems to lack the phosphorylation 
receiver domain (Fig. 5A). 



In die region between hrpS and hrpA, three potential genes, 
designated orfUO, orflJl, and orfUl (Rg. IB), were identified 
by application of die GeneMarkiunm algorithm (Lukashin and 
Borodovsky 1998). orfUO is a small ORF encoding a 46 amino 
acid basic protein, without significant similarity to any protein 
in die data base. Preceded by GGAX3T 8 bp upstream, orfUl 
encodes a 203 amino acid basic protein that is similar to a con- 
served hypothetical protein HP1401 of Helicobacter pylori 
(32% identity over 164 amino acid residues with 12 gaps) (Rg. 
5B). Interestingly, protein sequence of the next ORF, orfU2 t 
shows even higher similarity to HP1401 (residues 189 to 229; 
41% identity without gaps). This suggests the possibility that a 
frame shift in orfUl~orfU2 resulted in the two current ORFs, 
and that both may be defective. The lack of an obvious promoter 
in front of orfUO, the lack of good ribosome-binding sites in 
front of orfUO and orJU2, die potential frame-shift mutation at 
the 3' region of orfUU and the lack of a phenotype of TnphoA- 
induced orfUl mutants (data not shown) indicate that the region 
comprising orfU0-orfU2 is unlikely to be functional in Ea321. 

Expression of hrpS is not autoregulated, and induction 
of hrpS is independent of hrpX or hipY. 

An hrpS::gusAl fusion designated G107 (Wei et aL 1992) 
was used to assay the expression of hrpS. A fragment of 

Table 2. Expression of the hrpXY promoter in Luria broth (LB) and in a 
Jt/p-inducing minimal medium (IM) 





GUS activity* 


Bacterial strain* 


LB 


IM 


Erwinia amylovora Ea321(pCPP1203) 


242±12 


788 ±32 


E. coU S02OOAwi<iA(pCPP12O3) 


2±3 


3±3 


£ coli S02OOAw<£4(pCPP12O3, pCPPl 178) 

a r 7.* cr**nt\A.'jA • r.._i_ __. * • 


145 ±19 


878 ±33 



— w^vvwunm^. w «u* wtmntrtm tvu audia wim no p-giucuron- 
idase (GUS) activity due to deletion of gusA. pCPP1203 is a low-copy* 
number plasmid containing krpX::TTk5- S usAl; pCPP1178 is a high- 
copy- a umber plasmid containing functional hrpX and hrpY genes. 
b Picounits per CFU; mean of three replicates ± standard deviation. 
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fig. 4. Effect of mutations in hrpX and hrpY on expression of hrpL 
Genotypes of the strains are Ea32l-G44, hrpLi:Tn5-gusAJ (Wei and 
Beer 1995); Ea321-P4G44, hrpY::TnphoA and hrplxTnS-gusAl; and 
Ea321-P7G44, hrpX::TnphoA and hrpLXnS'gusAL Error ban: stan- 
dard deviation from three replicates. Cells grown in inducing medium 
(IM) were assayed (sec Materials, and Methods for details). 
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pCPP43O-G107 digested with BamHl contains the whole trans- 
poson, the hrpS gene fused to TvS-gusAl, and the hrpS pro- 
moter region. This BamHl fragment was iigated with a low- 
copy-number piasmid, pCPPS (Bauer 1990), that was cut with 
the same enzyme. The resulting piasmid was designated 
pCFP1058. As with hrpXY, expression of hrpS in Escherichia 
coli or in £ amylovora was induced under fc/p-inducing 
condidons (Table 3). However, autoregulation was not re- 
quired for hrpS expression; the presence of functional hrpS 
did not affect the expression of a hrpS;:gusAl fusion in 
pCPP1058(Table3). 



To detennine whether the newly discovered two-component 
system has any effect on the expression of hrpS, an 
hrpS::Tv5-gusAl fusion (pCPP430-G107) was marker-ex- 
changed into hrpX and hrpY mutants. Neither hrpX nor hrpY 
affected hrpS expression significandy (Rg. 6). 

hrpS and hrpL, provided by multicopy plasmids, 
suppress defects in hrpX or hrpY. 

To further characterize the regulatory relationships between 
hrpXY> hrpS, and hrpL> the HR-impaired strains Ea321-P7, 
Ea321-P4, andEa321-G107 were transformed with pCPP1178 



DctD-Rl« MDTLMPVALIDDDKDLRRATAQTLBLAGPSVSAYDGAKAALADLPADFAGPVVTDIR 57 
DctD-Rle MPBIDGLQlFATLQGMDVDLPVILKTGHGDIPHAVQAIQDGAYDFtAKPFAAORLVQ 114 



HrpS-Eau 
WtsA-Est 
DctD-Rle 



HrpS-Eaa 
WtsA-Est 
DctD-Rle 



HrpS -Ego 
WtsA-Est 
DctD-Rle 



- - - - -|M N IlRjNlSjE H S|SjRP|W[PLG/R RIB H I S L TlElE Q P I D I H D 

r LM H 1 ElN H E H SI F IR PI hIf BlL G IE H I S P TIKlB Q P I D I H D 

SVRRASEK RTLlVJL ElnjFMlTR K A A BIdJA QjEjH I pQjl G QTIpJ-^VvJmIe 

ATP ~ 



LfflB M I KIT V A p llsJTdlI 
L AJSLLIJeIxV A PL B 1 D 1 
LJR H I L R Hit AfrrTlDVPrV 
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(V LE G E T 6TG K D T L A R K I H fRjL S G ClT - G R It IAVNCAAIPETLAESELF G VHH GU T G A V 
L V A lG E T GI S IG K Bfi TvUlQ I LlH OiwlSlH rIrI XIgIk IF V aI HN CfclAf U? E tH Ti IE SELF Gf lT UG A P T 0 Al Q 

ATP 



>flobidsmplslqaxnlrvlehrgvbrlggtrf)t 

PLDBIDSM P L S L 0 A t LLRVLENRGXERL G STR F I 
FLDBIESMPI AA TlQfv lK H L R V L Ei MlRfUlfrHRL GfTTBV R 
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HrpS-Eaa 
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DctD-Rle 
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n " ------- AfKlR FfTl L P L P P LI N v[p|R H A E R Q -ff ' " " ~ 1 ~* ' 
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HrpS-Eam 
WtsA-Est 
DctD-Rle 



yidclvrhghsiddaa qielgiplrtlyhrikllnvntgrvi 
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S R K 
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448 




Fig. 5. Alignments of A, HrpS* and B, OrfU of Erwinia amylovora with similar proteins. PDLEUP program (GCG software package, version 13; Genetics 
Computer Group, Madison, WI, U.S.A.) with default parameters was used to align the sequences. Overlines represent ATT-binding sites (ATP) and the 
helix-tum-helix DNA-binding motif (HTH). Sequence of OrfU is a composite of sequences of or/Ul and orfUl products. A putative tyrosine kinase 
phosphorylation site (PROSITE: PS00007) is indicated by shading. Black circle in the OrfU sequence denotes location of a probable reading-frame shift. 
Accession numbers: WtsAof £ stewartii, SWISS-PR0T:P36219; DctD oiRhiiobium leguminosarium, SW1SS-PROT:P10046; HP1401 of Helicobacter 
pylori, GENBANK.AE000640; and PH0712 ofPyrococcus horikoshii, DDBJ:AP000003. 
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(contains hrpXY), pCPP 1001 (contains hrpS) (Wei and Beer 
1995), or pCPP1078 (contains hrpL) (Wei and Beer 1995). The 
resulting transformants were infiltrated into panels of tobacco 
leaves to determine which, if any, of the regulatory genes, 
when present in multiple copies, are sufficient to restore the 
HR-eliciting ability to the mutants* Panels infiltrated with 
hrpX and hrpY mutants containing hrpL developed the HR 
(Table 4), often faster than panels infiltrated with the wild-' 
type strain. The panels began to show collapse 8 to 12 h after 
infiltration; by 24 h, the whole infiltrated area had collapsed in 
a typical HR. This result is consistent with dependence of 
hrpL expression on hrpX and hrpY. Interestingly, similar sup- 
pression was observed from hrpX and hrpY mutants contain- 
ing krpS 9 whereas hrpX and hrpY did not restore the HR phe- 
notype of the hrpS mutant (Table 4). 

DISCUSSION 

The HrpX/HrpY two-component protein system* 

Our results demonstrate that £1 amylovora employs the 
HrpX/HrpY two-component regulatory proteins to direct ex- 
pression of an alternate sigma factor gene, hrpL, that in turn 
activates a type IE protein secretion system. This provides for 
a quick change in the pattern of gene expression needed to 
initiate infection. HrpX is a putative fcT-type sensor (Parkinson 
and Kofoid 1992) composed of the N-terminal PAS domain 
and the C-terminal histidine kinase domain (Fig. 2A). HrpX 
appears to be cytoplasmic, and may be anchored to the inner 
membrane by its internal hydrophobic region. Other members 
of the PAS -containing IcT-type sensor kinases include NifL, 
NtrB, and KinA (Zhulin et al. 1997). HrpY appears to be a 
ROm subfamily response regulator (Parkinson and Kofoid 
1992). Consistent with the HrpX transmitter domain* HrpY 
shows significant sequence similarity to VsrD, DegU, UhpA, 
and NarL. 

Two-component systems with PAS domains in the sensor 
component include NifL/NifA, DctS/DctR, and BvgS/BvgA 
(Zhulin et al. 1997). Among these only NifL does not contain 
the periplasmic domain, and HrpX is more similar to NifL 
than the other two. NifL and most other PAS -containing pro- 
teins are sensors (Zhulin et al. 1997), and their signal input 
domains are located at the N terminus (Parkinson and Kofoid 
1992). Thus, HrpX may directly perceive environmental sig- 
nals with its N- terminal PAS domain. One function of the PAS 
domain is to act as a protein dimerization motif (Kay 1997). 
This raises the possibility of HrpX dimerization, which is 
required for the functional state of two-component sensors 
(Parkinson and Kofoid 1992). 

Two-component regulatory system 
and type m protein secretion. 

Although the two-component system is widely used to con- 
trol bacterial gene expression (Hoch and Silhayy 1995), re- 
ports of its function in regulation of the type m system are 
just emerging. In S. typhimurium, SirA is a response regulator 
essential for induction of hilA, prgHIJK, and sigDE (Hong and 
Miller 1998; Johnston et al. 1996), and the PhoQ/PhoP two- 
component system represses the expression of the prg locus 
(Pegues t al. 1995). The CpxA/CpxR system controls the pH- 
dependent expression of the Shigella sonnei virF gene, which 
in turn activates ipaBCD and virG (Nakayama and Watanabe 



Table 3. Expression of the hrpS promoter in Luna broth (LB) and in 
/t/p-inducing minimal medium (IM) 



i ' 


GUS activity* 


Bacterial strain* 


LB 


IM 


£ coli S02OOAjiutt(pCPPlO58) 
E coli S02OOAwdA(pCPPlO58 f pCPPlOOl) 
Erwinia amylovora Ea321-G107 t > 
Erwinia amylovora Ea321-G107(pCPP1001) 


94±12 
105 ±17 

36±n 

42±21 


367 ±9 
378 ±23 
188 ±35 
229 ±29 



*£ coli S02QOAuidA is an Escherichia coli strain with no 0* 
glucuronidase (GUS) activity due to deletion of gusA. Erwinia amylo- 
vora Ea321-Gl07 is a mutant of Ea321 containing a TnS-gusAJ inser- 
tion in hrpS (Wei et aL 1992). pCPP1058 is a low^opy-number plas- 
mid containing hrpXifTnS-gusAl; pCPPlOOl is a high-copy -number 
plasmid containing the functional hrpS gene and its promoter (Wei and 
Beer 1995). 

b Picounits per CFU; meanof three replicates ± standard deviation. 



200-1 




Ea321-G107 Ea321-P4G107 Ea321-P7G107 



Genotype 

fig. 6. Effect of mutations in hrpX and hrpY on expression of hrpS. 
Genotypes jof the strains are Ea321-G107, hrpS::Tn5+gusAl (Wei et aL 
1992); Ea321-P4G107, hrpYiiTnphoA and hrpS::7n5-gusAl; and Ea321- 
P7G107, hrpXiiTnpHoA and hrpSiiTcS-gusAJ. Error oars: standard 
deviation for three replicates. Cells grown in inducing medium (IM) 
were assayed (Materials and Methods contains details). 



Table 4. Hypersensitive reaction (HR) eUcitation by hrp regulation mutants 



Strain 


Genotype HR phenotype* 


Ea321 


wild type; hrp* +++ 


Ea321-P7 


hrpX ± 


Ea321-P7(pCPP1178) 


hrpXihrpXY*) ++ b 


Ea321-P7(pCPP100l) 


hrpX(hrpS*) +++ 


Ea321-P7(pCPP1078) 


hrpXikrplS) +++ 


Ea321-P4 


hrpY 


Ea321-P4(pCPP1178) 


hrpY{hrpXY+) ++ b 


Ea321-P4(pCPP1001) 


hrpY{hrpS*) +++ 


Ea321-P4(pCPP1078) 


hrpYihrpVi +++ 


Ea321-O107 


hrpS 


Ea321-G107(pCPPU78) 


hrpSChrpXY*) 


Ea321-G107(pCPP1001) 


hrpS(hrpS*) +++ 



* +++, full HR manifested by complete tissue collapse throughout infil- 
trated area; ++, reduced HR, which is spotty and often coalescing; ±» 
infrequent collapse and small spotty necreosis for HR-positive leaves; 
and no HR. Inoculum concentration was approximately 2 x 10 s CFU 
per ml. Ratings (consensus of four plants) were made 36 h after in* 
oculation. 

b Full HR was observed at inoculum levels of £ 5 x 10 8 CFU per ml. 
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1995). Also, the BvgS/BvgA system was recently found to be 
involved in the regulation of the type HI secretion in Borde- 
telle bronchiseptica (Yuk et al 1998). Among plant pathogens, 
HrpG of Xanthomonas campestris pv. vesicatoria, a homolog 
of response regulators, has been shown to regulate hrpXv and 
hrpA expression (Wengelnik et al. 1996). 

The structure of the input domain of E. amylovora HipX 
appears to be exceptional, compared with sensor proteins in- 
volved in other type HE systems, which contain two trans- 
membrane regions and a periplasmic domain. The closest 
homologs of £ amylovora HrpY are SirA and BvgA, both of 
which are ROm-type regulators (Parkinson and Kofoid 1992), 
whereas X. campestris HrpG belongs to the ROn type, which 
includes Escherichia coli CpxR and OmpR, S. typhimurium 
PhoP, and Agrobacterium tumefaciens ViiG. Thus, at least two 
types of transmitter-receiver systems appear to have evolved 
for control of type III systems in response to environmental 
stimuli in hosts. Also, the two two-component systems identi; 
fied in the plant pathogens £ amylovora and X. campestris 
fail into different communication groups. 

HrpS and mechanism of gene regulation. 

HrpS is a member of the o^-dependent, enhancer-binding 
protein family. Both hrpS and rpoN are required for transcrip- 



tion of hrp genes in R syringae pathovars (Grimm et aL 1995; 
Xiao et al. 1994). WtsA (HrpS) of £ stewartii controls ex- 
pression of wtsB t which also requires die presence of a 54 
(Frederick et al. 1993). In £ amylovora, HrpS partially regu- 
lates hrpL expression (Wei and Beer 1995), and a sequence, 
TGGCAC-N r TTGC, that perfectly matches the -24/-12 
promoter consensus sequence is found at the promoter region 
of £ amylovora hrpL The hrpS gene of £ amylovora, but not 
hrpS of P. syringae pv. phaseolicola, can complement the 
hrpS mutation in £ stewartii (Frederick et al 1993). The 
HrpS sequences of the two erwinias are highly similar, and 
even the upstream noncoding regions appear to be conserved, 
except for the insertion of a 484-bp sequence, reminiscent of 
an IS (insertion sequence) element, 23-bp upstream of die £ 
stewartii hrpS ORE 

As a member of the NtrC family, HrpS is unusual in that it 
lacks a long N-terminal receiver domain. Control of protein 
activation by phosphorylation, by protein-protein interaction, 
and by signal molecule have been suggested for (^-dependent 
proteins (Shingler 1996). In the direct activation model, 
derepression by effectors seems to be a mechanism of protein 
activation. For DctD, DmpR, and XylR, deletion of the re- 
ceiver domain results in constitutive activation of the proteins, 
suggesting that the receiver domain has a repressor function 




Proteins secreted Components of the Hrp (type III) 
via the Hrp apparatus protein secretion system 



Fig. 7. Model of the hrp gene regulatory cascade. Thick arrow lines: genes or operons. Ovals and circles: proteins. Arrowheads in thinner lines: direc- 
tions of information flow. CM, cytoplasmic membrane; OM, outer membrane; P, phosphate; E, RNA polymerase; closed half circle, a 70 promoter, open 
triangle, 0* promoter, and filled triangle, HrpL promoter. 
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protein is made. 

Induction of fcpZT -dfcfS and M-mM-I 

alSc^SLnt (Wei et al. 1992; this 

J^shows high basal-level expression, and au- 

r rfJK bvdvedTgene induction. However, hrpS is 
toregulaoon « mvowea g^ suggcst . 

" 0t 5H2Tl??5~ regulatory components. Al- 
mg that there may 7 * p w l l, y plasm ids reverses the 
though hrpS V™*?™™T£7Z££te independence 

£«s§SS2E52 

moter region and control xpsR £*2Efl!w teen propose d 
In P r/rineae pv. jyringfl*. HrpR and Hrpb nave own p f» 
£ wStoSr to control /upL expression (Xiao et al. 1994), 
SE£K£- opinion exists for homo^gous proteins ui P. 
Vringaepv.phaseolicola (Grimm etal. 1995). 

1992, tins wor*;. lowered Ji/pL expression and 

^v welaTot rule out the possibiUty of partial HrpX func- 
^ f £ A^ont, even though leaky phenotypes of sensor 
ton in that mutant. «J"JJ^ other two-component sys- 
muta ms ^^^ttoteresting to note that, although 
rxKlSs^ Snt phenotypes (the former 

pression required Jor causmg du ^ ; amogenicity . Fur . 



The incomplete complementation of ftrpX and fop? mutants 
by fopXT provided in a multicopy plasmM at lower moculum 
1L1T (< 2 x 10 s CFU per ml) is, intriguing and deserves fur- 
SfestigadlcSexplanadon for the results could i be £ 
defective HrpX and HrpY in the mutants interact wrth func- 
tional HrpX and HrpY, and, possibly by fornnn^terod^ 

interfered the full activity. Alternatively, overproduced HrpX 
and HrpY may somehow down-regulate hrpS expression. 

ModdofmeE-nmytovorafcrpgeneexpr^don. 

Based on previous studies (Bogdanove et al. 199V 1998b, 
Mle! 1998; Kim etaL 1997; Wei and! Beer 1995; Wei 
rt5 1992) and results described in this work, we propose a 
itLrt lp gene regulation in ^^^^ 
the bacteria enter the plant apoplast, HrpX P^ v ^™^ 
mental signals and is phosphorylated, Activated HrpX then 
Dhosnhorylates HrpY to activate it. and increases the expres- 
fnrfZn toproduce more HrpX and HrpY Independenuy. 
SressS of hrpsZ induced in response to the changed envi- 
ZSt Activated HrpY and HrpS bound ^ 
moter. then interact with the RNA polymerase-o» complex to 
^ve transcription of hrpL HrpS also activates other genes 
coining the -24/-12 promoter consensus sequence, Fma^ 
Z HrpL a factor, which recognizes a conserved promow 
mo t£GGAACC-N,^CCACTAAr. dnects tWOonof^ 
remaining hrp and dsp genes that produce the secretin l ma- 
cmn«y and virulence proteins that.interact with plant cells. 



MATERIALS AND METHODS 

Bacterial strains and growth condition. 

Zamylovora Ea321 is a wild-type strain that mfects pear 
an^e (Beer et al. 1991). ^"^f^ 
tinely used for cloning of cosmids and plasmris. pCTPlOOl 
" : , R „ r 1005^ bCPP1036 (Kim et al. 1997), pCPP1078 
^ and B Tei 9 ^ and, pCPP1178 « 
S430 (Beer et al, 1991), and contain ORFs m the same 
£rr2 T7*10 promoter from the vector pBluescnpt 
S*£l frf?25~"i Ea321 and EuterUMacM 
£j ^Tin LB (SaXok et al. 1989) ^ J*j™JL*£ 
m fat 28 and 37»C, respectively. Inducing medmm 
used for inducing hrp gene expression as described prevt ^ 
?vS et al 1992). The antibiotics used to maintain selection 
" SJSSta - 100 ug/ml kanamycin W « » j** 

spectinomycin (Sp) at 50 Ug/ml, tetracychne CTc) at 20 Ug/mL 

and carbenicillin (Cb) at 300 Hg/mL 

Recombinant DNA techniques and seque nee analysto. 

Unless otherwise specified, basic ^moleada, ti°£g^£ 
niques were as described (Sambrook et ^ ^89). Etecwpo- 

tives was done as described oy i>auw \ 
L Gene Pulser apparatus (Bic-Ra* ^ 
Deletion clones, generated from d« CM-B«m insenm 
«OT1178 with the Erase-A-Base kit (Pronieg^ Mamsc^ WL 
S a) were sequenced' by the dideoxy ^ t,-^ 
procedure with the Sequenase sequencmg ^.^f^™ 
caTcieveland, OH. U.S.A). ^J^S 
between HrpA and hrpJ m P^^^X^S 
and pCPPH78 was performed on an ABli/JAa 
DNA sequencer (Perkin-Elmer, Norwalk. CT, U.S.A) at me 
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facility. id seaucnC es were analyzed 

DNA and deduced ^ammo £^ vcrsion 73 

P ro ^ u * e S, Sisoa! WI. U.SA.) and 

(GeDC c^ B mNl? T X Edison. ^ U - SA) - P0tCnt ^- 
DNASTAR ^ASTAR ^ ^ 

f"», wc £ S^ailTbk Sine from the GeneMark web 
Borodovsky 1998, avaiiao^ BLAST algorithms 

site) . Homology ^^e^ from «he N&I web 

(Altschul et *- l ™-"to vmtdas were found with Scan- 
site). Conserved Pattern P« ^ ^ 

Prosite (Appe et al. 1994. a ^ ^ promoter 

^dSt^-SSod (Reese and Eeckman 
1995; available on-line). 

Expression of /^and ^ ^ 

A «f 2^3^ 1985) was used, 

merase/promoter Claoor ^ driven by the 

PCPP1178, which ™*^^Z introduced into £r- 
T7*10 Promoter ^ were incubated at 42»C 

cherichia coh DH5wptjri^ . gene, and 

to induce the ^SbEJ* *S-Met as 



were incubated for an additional 5 to 6 b atJC ^a^y 
oTSuS activity GUS ^™£»££ZS£Z 

mcubauon at 37 u ior w u, background fluo- 

r^Sl Si fluorescence readings were con- 
teTouS of GUS activity per CPU. TteGUSactiv- 
iZS^-gusAl fusions also w« detexmmed m tobacco 
letf tissues as described previously (Wei et al. 1992). 

"J*!?^ erown in LB and harvested at mid-ex- 

Bactena were grown in u> . , M n^sium 

nonential phase. Cells were resuspended m 5 mM ^Jf^T 
ponennai h" harvested again, resuspended in the 

phosphate MfefH 6 ^^Se ly 2 x MP CFU per 
potassium phosphate butter toj appro j ^ 

S3) S growntg^nhouse soil mix to a height of 09 
, ri,r^l suspensions were infiltrated into each leaf 
10 , V IhSo S with needleless hypodermic syringes. 

SuVr Seer 1991; Steinberger and Beer 1988). 



^["STtr— - by marker- 
Chromosomal mutants w =™ Drevi ously (Wei et al. 
exchange "-J^" *2? J7? insertion. 
1992). A Tn^mimKm j-Jf"^, m Xc^ricto cofi 
mapped at the JvpXr or ftrpc '~ nH5 _ foCP p U 78), was 
S:CPP430) or E "%ZT^T£™^ mating 
introduced into £ "^^Swa Si HB101(pRK600) 
with the helper sttun, f^j^Uit of Biology, 
(kindly provided by B. ^ /ig ' lo ^ Cambridge). The 

ttansconjugants were i ow . phoS phate minimal me- 

and Sp, and then 10 » S^s/marker-exchanged 

dium (Bauer 1990) to sd J**^ introducing 

??SIWS3?*S * Tnl^nutuKm or 
individual *^" T °f«^ 1 SinC e the transposon Tn5-g««A7 
TnpftoA mutants of^^« ^ond mutation 
has two sekcuot. . w** ^ 1 ^ the mutants 
wasselectedbasedon^ iW* ^ athogenicity . 

were tested for ^ J»-e"*™« pC?Pl036, which were 

Tnp ^ SSw »— £ 

mapped to w <?" incubation in a low-phosphate 
electroporation and suteequeat mcuo mt0 ^ 

medium with ^^^S^istance (Knf CbD 

SSK*£« * c — DNA 88 a 

probe. 

Assay of GUS activity. to fresh LB, and 

Overnight cultures m LB were mui cultures in 

incubated fcrteF* J^^J&U 1M. before 
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NOTE ADDED IN PROOF 

' & mrent BLAST survey of finished and unfinished micro- 
bial g^m^able on-line from the NCBI web^te) sug- 
Stfthe presence * <Vte 

48% identity over 208 amino acids for HrpYV^- 
3£ rl erf proteins exist in the ^ 
KT2440 genome. 
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Bacterial home goal by harpins 



Ulla Bonas 



Host-pathogen interactions Although the genes involved in The first hatpin to be ident- 

are dynamic and mul* plant defense* are becoming better ified, harpin^ is a cdl-envdoo* 

. faaonal; whether a nucro- understood, very little is known associated protein encoded bv 

organism succeeds or fails in col- about the nature of the initial sig- the krpN gene of Et. armiovorl 

ommg a potential host depends nals and their perception. Induction a pathogen of pear and apple" 

on factors from both organisms. A of the HR in a bacterium-plant Recently, He and co-workers" have 

interaction requires functional brp used an elegant approach to ident- 

tenes and appears to be mediated ify harping which is encoded by 

by signal molecules or , elidtors\ * u - L — 2 - ' — • 

Recent DNA sequence analyses 



successful pathogen has to over- 
come the defenses of the host In 
bacteria that are pathogenic for 
animals or for plants, particularly 
Gram-negative organisms, a large 
number of genes are essential to 
infect host tissue and establish 
disease. Expression of these genes 
is generally controlled by environ- 
mental conditions such as tempera* 
ture, pH, salt concentration and 
nutrient availability 14 . 

Pathogenicity, hypersensitive 

reaction and ellcltors 

In the Gram-negative plant patho^ 
r gens Erwinia, Pseudomonas and 

Xanthomonas, genes organized in 
fdustexa of 25-40= kb are fundamen- 
v tally involved in any obvious inter- 
. • action with a plant (for a review see 

* Ref. 3). These genes have been des- 
#5 ignated hrp (hypersensitive reaction 
Hi and pathogenicity) because they are 

* essential not only for pathogenicity 
towards a susceptible host plant, 
but also for interaction with re- 
sistant host varieties and with 



sequence , 

indicate that several putative Hrp 
proteins from different species are 
related and may be involved in a 
secretion system reminiscent of 
secretion of Yops (Yersinia outer 
proteins) in Yersinia 7 - 11 . So far, only 
one specific elidtor of the HR in 
a bacterium-plant interaction has 
been described The avrD gene from 
Pseudomonas syringae pv. tom- 
ato mediates production of a low- 
molecular-mass compound that 
specifically induces the HR only 
in the soybean plant (a nonhost) 
when it carries the corresponding 
Rpg 4 resistance gene*** 2 . 



the hrpZ gene in the bean patho- 
gen P. s. pv. syringae. Lysates of 
an expression library in £ cols, 
made using die cloned P. s. pv. 
syringae brp cluster, were directly 
screened for HR-inducing activity 
on tobacco leaves. Two proteins 
were identified, one of which was an 
amino-terminal deletion of harping 
with even higher activity than the 
full-size protein; whether process- 
ing occurs during natural infection 
is not dear. Interestingly, the car- 
boxyl terminus contains two short, 
direct repeats that are essential 
for elicitor activity. Hie activity 
is in the same range as that of 
the Erwmia harping however, to 
dipt an HR in other plants requires 
"higher levels of die elidtor. He 
et aL show convincingly that the 
secretion of hatpin^ by P. s. pv. 
syringae depends on a product 
called HrpH that is dosely related 



Harpins 

Recently, two bacterial HR-in- 
ducing proteins, called , harpins , f 
were identified in EfuHnia amy- 

tovora* and P. syringae pv.Jyrwx- _ M ^ VQW/ 

gae u . Although the harpins diffe r, to proteins in other plant patho- 

— , — — j g pnm ary sequence , thcy^Eave ■ • gens, and also in animal pathogens 

plants that are not a host for that ^j^^features in commomthey such as Yersinia and Shigella. 
pathogen. In plants, the hypersensi- axe gl ydnen^cr gCEeat stable^ . where they are essential for pro- 
ove reaction (HR) (Ref, 4) is a rapid ^ffid^the^othjfiduce^ aiO^OL* tein secretion*' 1 * 14 , 
defense reaction involving localized ^tdbaab^ a,no^<^p£^ford^ These exdring findings hdp ver- 
plant cell death and production of*^acteria. The genes encoding har- ii ify Ac modd that Hrp proteins 
substances such as phcnolics and pins are localized within the Arp^are involved in the transport of 
phytoalexins at the site of infection, clusters and obviously have a dual elidtors and virulence factors 7 . Not 
The HR prevents pathogen spread role in that they are also required surprisingly, the results presented 
and thus halts disease devdopment for. pathogenidty towards the * ** 

In the wild, plants are resistant normal host plant Both brp dus* 
to the majority of pathogens. The ten allow nonpathogenic bacteria, 
HR, therefore, is an important de- such as Escherichia colt, to induce 

an HR in tobacco after recombi- 
nant expression, suggesting that 
the genes for the tobacco HR 
elidtors are present within the 
clusters 1 *' 1 '. 



fense mechanism against all kinds 
of possible disease agents (bacteria, 
fungi, nematodes and viruses). It is 
not only important to interactions 
of pathogens with nonhost plants, 
but also to interactions between 
plants that carry resistance genes 
and microorganisms that are patho- 
gens for that spedes. 
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by He and co-workers 14 also stimu- 
late many questions. It needs to 
be shown .that harping, is actu- 
ally secreted, when the bacterium 
interacts with tobacco tissue (the 
hrp genes were induced in vitro). 
The concentrati n needed for HR 
induction (more than 600 nM) is 
much higher than one would ex- 
pect for spedfic signal molecules. 
Are harpins toxins? Most import- 
antly, what is their function in 
pathogenidty, and why do they 
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not elicit an HR in the host plant? 
Are harpins the only elidtors of 
nonhost HR in tobacco and poss- 
ibly in other plants? Is the same 
mechanism used in tobacco to rec- 
ognize both the Enuinia and die 
P. & pv. syringae harpins? Is host 
resistance different in mechanism 
from nonhost resistance? Answers 
to this fascinating puzzle require 
the identification of more HR 
elidtors and their putative plant 
receptors. 
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Initiation and spread of a-herpesvirus 

infections 

Thomas C. Mettenleiter 



Herpesviruses are large ani- 
mal viruses with a DNA 
genome varying from ap- 
proximately 120 to 250kb. Based 
on their biological properties, die 
Herpesviridae have been divided 
into three subfamilies, the a-, |J- 
and y-herpesvirinae, prototypes of 
which art the human pathogens 
herpes simplex virus (HSV), 
cytomegalovirus (HCMV) and 
Epstein-Barr virus (EBV), respect- 
ively. As enveloped viruses, they 
depend on two consecutive pro- 
cesses for infectious entry into 
target cells: (1) attachment of free 
virions to cells and (2) penetration, 
that is, fusion of virion envelope 
and cellular cytoplasmic mem- 
brane leading to release of the 
nucleocapsid into the celL Virion 
envelope glycoproteins play 
important roles in both these 
processes (see Refe 1,2 for recent 
reviews). 

After infection of primary tar- 
get cells, vims spread can occur 
by several differenr mechanisms. 
Infected cells may release infectious 



virions that reinitiate infection from 
outside. In addition, direct viral 
cell-to-cell spread from primary 
infected cells to adjacent non- 
infected cells may joccur. In die host, 
virus may be disseminated by cir- 
culating infected cells that adhere 
to noninfected tissues and trans- 
mit infecrivity direcdy. Recent 
results on HSV and pseudorabies 
virus (PrVf shed more light on 
these processes in a-herpesviruses. 
PrV causes Aujeszky's disease in 
swine, which is characterized by 
nervous and respiratory symptoms, 
and reproductive failure. Unlike 
HSV, PrV is not pathogenic for 
humans. However, the two viruses 
have several features in common, 
including a broad host range trt 
vkro % and several species besides 
the natural host can be infected 
experimentally. In addition, aU of 
the known PrV glycoproteins are 
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related to homologous glycopro- 
teins in HSV (Re£ 1)\ 

Attachment 

Binding of free infectious virus to 
target cells involves interactions 
between virion envelope glycopro- 
teins and cellular virus receptors. 
Herpes virions contain a large 
number of different virus-encoded 
envelope glycoproteins that might 
participate in attachment. A Well- 
known example of a cellular herpes* 
virus receptor is the B-ceil mem- 
brane protein CR2 (CD21), which 
binds EBV (Re£ 3). Recent studies 
have * demonstrated that several 
a- (renewed in Ret l) t JJ. and f 
•herpesviruses^ bind to their target 
cells by interaction of virion com- 
ponents with cell-surface glycos- 
aminoglycans, principally heparan 
sulfate (HS) 4 . 



•At die 18di International Herpesvirus 
Workshop, a common n mendature for 
c-herpesviras glycoproteins was agreed on, 
based on designations of HSV glycoproteins. 
This nomenclature is used here. 
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HYPERSENS1TIVE RESPONSE ELICITING DOMAINS 
AND USE THEREOF 

This appUcation claims benefit of U.S. Provisional Patent AppUcation 
5 Serial No. 60/212^11, filed on June 16, 2000. 

FIELD OF THE INVENTION 

The present invention relates to hypersensitive response elicitors and 

10 their structure. 

BACKGROUND OF THE INVENTION 
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fell into two categories: (1) compauUe (pafcogen^ ^ 
bacterial growth, symptom development, and disease development in the host plant; 
and (2) incompatible (pamogen-nonhost), resulting in the hypersensitive response, a 
particular type of incompatible interaction occurring, without progressive disease 
symptoms. During compatible interactions on host plants, bacterial populations 
20 maeasedramaticaUymd progressive symptoms occur. During incompatible 

interactions, bacterial populations do not increase, and progressive symptoms do not 

occur. . 

The hypersensitive response is a rapid, localized necrosis that is 

associated with the active defense of plants against many pathogens (Kiraly, Z., 
"Defenses Triggered by the Invader: Hypersensitivity "pages 201-224 im Plant 

a advanced Treatise. Vol 5, J.G. Horsfell and EJ3. Cowling, ed. 
Academic Press New York (1980); Klement, Z., "Hypersensitivity," pages 149-177 
in- py^twnic Prokaryotes, Vol. 2, M.S. Mount and G.H. Lacy, ed. Academic 
Press,NewYork(1982)). The hypersensitive response elicited by bacteria is readily 
30 observedasatissueccUapsei^ 
host-rangepamogenlikeP*^^ 

into the leaves of nonhost plants (necrosis occurs only in isolated plant cells atlower 
levels of inoculum) (Klement, Z., "Rapid Detection of Pathogenicity of 
Phyt^afeogemcPseudomonads-Natoe 199599-300; Element, et aL, 



25 
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Plants and Hypersensitivity on Nonhost Plants, J. nacre 

658 pl d pathogenic Bacteria, Sends 

hip genes have oeen wi «pseudomonas 
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Z.-M., et it naipm, Mutations in the encoding . 

(1995))> flStrain EccTlOverexpress^NBcc and Elicit aHypersensitrve 
subsp. Stram .Ecc71 Overexp , 
25 Reaction-like Response in Tobacco Leaves » MPM! 9(7) • 565 73 < » 

^WLetaL 'TlarpinisnotKecessary forthePathog^ty ofSnvmia 
stewortn (Ahmad, et. aL, n«npvn 

* , • » «a Tntl fimr Mnlr- yw-Mifln>b.lata. July 14-1*. 

• rwo 94/26782 to Cornell Research Foundation, Inc.). 
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SUMMARY OF TBE INVENTION 

One aspect of the present invention is directed to an isolated 
^ersensiuver^ 

Mother embodiment of the present invention relates to an xsolated 

, ehcitor protein comprising an acid portion linked to an alpha- 



10 belB ' Nucldcaddmoleculesencodmgeitheroftheseprote^ 

nucleic acid molecules are also disclosed. . 

The protein of the present invention can be used to unpart disease 

« r esistance. r^r^^^^V^^^^^^ 

As an alternative to applying the protein to plants or plant seeds m 

menutili^transgenicplants, this involves providing a transgenic plant 
t^formedwimanucleic acid molecule encoding** protein of the present 
invention and growing the plant under conditions effective to impart drsease 
distance, to enhance plant growth, to control insects, and/or to impart stress 

30 
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BRBEF DESCRIPTION OF THE DRAWINGS 

Figure 1 isaschen^cdrawhgshowingtheconstractionof a 
universal expression cassette for a hypersensitive response domain. 

DETAILED DESCRIPTION OF THE INVENTION 



The present invention is directed to an isolated hypersensitive response 
elicitor protein comprising a pair of spaced apart domains, with each comprising an 
10 acid portion linked to an alpha-helix. The acidic portion is a polypeptide with 10 or 
more amino acids, is rich in acidic amino acids, and has a pi below 5.0. The acidic 
portion has a secondary structure in the form of a beta-sheet or a beta-turn. The 
secondary structure of this unit can also be in an unordered form. 

The alpha-helix portion of the present invention is a polypeptide with 10 or 
15 more amino acids. Its secondary structure is in the form of a stable alpha-helix. 

Another embodiment of the present invention relates to an isolated 
hypersensitive response elicitor protein comprising an acid portion linked to an alpha- 
helix. 

20 Both of these proteins are capable of eliciting a hypersensitive 

response. 

The alpha helix is a common structural motif of proteins in which a 

linear sequence of amino acid folds into a right-handed helix stabilized by internal 

hydrogen bonding between backbone atoms. 
25 The acidic motif includes a certain combination of amino acids in 

which alinear sequence with a pi below 5.0 folds into a p sheet, coil, or thin 

structures but not an alpha helix of secondary structure. 

The hypersensitive response elicitor polypeptides or proteins according 

to the present invention can be derived from hypersensitive response elicitor 
30 polypeptides or proteins of a wide variety of fungal and bacterial pathogens. Such 

polypeptides or proteins are able to elicit local necrosis in plant tissue contacted by 

the elicitor. Examples of suitable bacterial sources of polypeptide or protein elicitors 
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include Erwinia, Pseudomonas, and Xanthamonas species (e.g., the following 
bacteria; Erwinia amylcvora, Erwinia chrysanthemi Erwinia stewartii Erwinia 
carotovora, Pseiidomonas syringae, Pseudomonas solancearwn, Xanthomanas 
campestris, and mixtures thereof). In addition to hypersensitive response elicitors 
5 from these Gram negative bacteria, it is possible to use elicitors from Gram positive 
bacteria. One example is Clavibacter michiganensis subsp. sepedonicus. 

An example of a fungal source of a hypersensitive response elicitor 
protein or polypeptide is Phytophthora. Suitable species of Phytophthora include 
Phytophthora parasitica, Phytophthora cryptogea, Phytophthora cinnamomi, 
10 Phytophthora capsici, Phytophthora megasperma, and Phytophthora citrophthora. 

The hypersensitive response elicitor polypeptide or protein from 
Erwinia chrysanthemi has an amino acid sequence corresponding to SEQ. ID. No. 1 
as follows: 

15 Met Gin lie Thr lie Lys Ala His lie Gly Gly Asp Leu Gly Val Ser 

1 5 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 
20 25 30 

Leu Gly Ser Ser Val Asp Lys Leu Ser Ser Thr lie Asp LyB Leu Thr 
20 35 40 45 

Ser Ala Leu Thr Ser Met Net Phe Gly Gly Ala Leu Ala Gin Gly Leu 
50 55 60 

Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 70 75 80 

25 Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 

85 90 95 

Ser Gly Gly ABp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 
100 105 110 

Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 
30 115 120 125 

Leu Ala Asn Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
130 135 140 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser lie Leu Gly 
145 150 155 160 

35 Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 

165 170 175 
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Ala Gly Gly Leu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 
180 185 190 

Qly Asn Ala lie Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 
195 200 205 

5 Leu Ser Asn Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 

210 215 220 

Asp Lys Glu Asp Arg Gly Met Ala Lys Glu lie Gly Gin Phe Met Asp 
225 * 230 235 240 

Gin Tyr Pro Glu lie Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 
10 245 250 255 

Ser Ser Pro Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 
260 265 270 

Pro Asp Asp Asp Gly Met Tor Gly Ala Ser Met Asp Lys Phe Arg Gin 
275 * 280 285 

15 Ala Met Gly Met lie Lys Ser Ala Val Ala Gly Asp Thr Gly Asn Thr 

290 295 300 

Asn Leu Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly He Asp Ala 
305 310 315 320 

Ala Val Val Gly Asp Lys lie Ala Asn Met Ser Leu Gly Lys Leu Ala 
20 325 330 335 

Asn Ala 



This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
25 34 kDa, is heat stable, has a glycine content of greater than 16%, and contains 

substantially no cysteine. The Erwinia chrysanthemi hypersensitive response elicitor 
polypeptide or protein is encoded by a DNA molecule having a nucleotide sequence 
cotresponding to SEQ. ID. No. 2 as follows: 

30 CGATTTTACC OGGGTGAAOG TGCTATGACC GACAGCATCA CGGTATTCGA CACCGTTACG 60 

GCGTTTATGG CCGCGATGAA CCGGCATCAG GCGGCGCGCT GGTCGCCGCA ATCCGGCGTC 120 

GATCTGGTAT TTCAGTTTGG GGACAOCGGG CGTGAACTCA TGATGCAGAT TCAGCGGGGG 180 

CAGCAATATC CCGGCATGTT GCGCACGCTG CTCGCTCGTC GTTATCAGCA GGCGGCAGAG 240 

TGCGATGOCT GCCATCTGTG CCTGAACGGC AGCGATGTAT TGATCCTCTG GTGGCOGCTO 300 

35 CCGTCGGATC CCGGCAGTTA TCOGCAGGTG ATCGAACGTT TGTTTGAACT GGCGGGAATG 360 

ACGTTQCCGT CGCTATCCAT AGCACCGACG OCGCGTCCGC AGACAGGGAA CGGACGCGCC 420 

CGATCATTAA GATAAAGGOQ GCTTTTTTTA TTGCAAAACG GTAACGGTGA GGAACCGTTT 480 
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CACCGTCGGC GTCACTCAGT AACAAGTATC CATCATGATG CCTACATCGG GATCGGCGTG 540 
GGCATCCGTT GCAGATACTT TTGCGAACAC CTGACATGAA TGAGGAAACG AAATTATGCA ' ' 600 

AATTACGATC AAAGCGCACA TCGGCGGTGA TTTGGGCGTC TCCGGTCTGQ GGCTGGGTGC 660 

TCAGGGACTG AAAGGACTGA ATTCCGCGGC TTCATCGCTQ GGTTCCAGCQ TGGATAAACT 720 

5 GAGCAGCACC ATCGATAAGT TQACCTCCGC GCTGACTTCG ATGATGTTTQ GCGGCGOGCT 780 

GGCGCAGGGG CTGG6C0CCA GCTCGAAGGG GCTGGGGATG AGCAATCAAC TGGGCCAGTC 840 

TTTCGGCAAT GGCGCGCAGG GTGCGAGCAA OTX3CTATOC GTACCGAAAT CCGGCGGOGA 900 

TGCGTTGTCA AAAATGTTTG ATAAAGCGCT GGACGATCTG CTGGGTCATG ACACCGTGAC 960 

CAAGCTGACT AACCAGAGCA ACCAACTGGC TAATTCAATG CTGAACGCCA GCCAGATGAC 1020 

10 CCAGGGTAAT ATGAATGCGT TCGGCAGOGG TGTGAACAAC GCACTGTCGT CCATTCTCGG 1060 

CAACGGTCTC GGCCAGTCGA TGAGTGGCTT CTCTCAGCCT TCTCTGGGGO CAGGCGGCTT 1140 

GCAGGGCCTG AGCGGCGCGG GTGCATTCAA CCAGTTGGGT AATGCCATCG GCATGGGCGT 1200 

GGGGCAQAAT GCTGCGCTGA GTGCGTTGAG TAACGTCAGC ACCCACGTAG ACGGTAACAA 1260 

CCGCCACTTT GTAGATAAA8 AAGATCGOGG CATGGCGAAA GAGATCGGCC AGTTTATGGA 1320 

15 TCAGTATCCG GAAATATTCG GTAAACCGGA ATACCAGAAA GATGGCTGGA GTTCGCCGAA 1360 

GACGGACGAC AAATCCTGGG CTAAAGCGCT GAGTAAACCG GATGATGACG GTATGACCGG 1440 

CX3CCAGCATG GACAAATTCC GTCAGGCGAT GGGTATGATC AAAAGCGCGG TGGCGGGTGA 1500 

TACCGGCAAT ACCAACCTGA ACCTGCGTGG CGCGGOCGGT GCATCGCT6G GTATCGATGC 1560 

GGCTGTCGTC GGCGATAAAA TAGCCAACAT 6TOGCTGGGT AAGCTGGCCA AOGCCTGASA 1620 

20 ATCTGTGCTG GCCTGATAAA GCGGAAACGA AAAAAGAGAC GGGGAAGCCT GTCTCTTTTC 1680 

TTATTATGCG GTTTATGCGG TTACCTGGAC CGGTTAATCA TCGTCATCGA TCTGGTACAA 1740 

ACGCACATTT TCCCGTTCAT TCGCGTCGTT ACGCGCCACA ATCGCGATGG CATCTTOCTC 1800 

GTCGCTCAGA TTGCGCGGCT GATGGGGAAC GCCGGGTGGA ATATAGAGAA ACTCGCCGGC 1860 

CAGATGGAGA CACGTCTGCG ATAAATCTGT GCCGTAACGT GTTTCTATCC GCCCCTTTAG 1920 

25 CAGATAGATT 0CGGTTTCGT AATCAACATG GTAATGCGGT TCQGCCTGTO CGCCGGCCGG 1980 

GATCACCACA ATATTCATAG AAAGCTGTCT TGCACCTACC GTATCGCGGG AGAIACCGAC 2040 

AAAATAGGGC AGTTTTTGCG TGGTATCOGT GGGGTGTTCC GGCCTGACAA TCTTGAGTTG 2100 

GTTCGTCATC ATCTTTCTCC ATCTGGGCGA CCTGATCGQT T 2141 

30 The hypersensitive response elicitor from Erwinia chrysanthemi has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. 
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ivz. 1Q2 to gjjjjjjQ add 116. The 

, aad 102 to ammo r toamil »acid251toiimiiioa^ 

second^extead.^thmSEQlD.No.l *o 

second domain extends, within SEQ. ID. No. l, nom 

299, partfcutaly Som anuno .oid 279 to ootd292. 

Ho*-*-*- tfctepol^daorpro^v- 

15 No. 3 as follows: 

- -* S* ! " * 01 * « s " 

« «y »xy I «r — «?«"« ~ ST *" 

„ T « « « - y - »* " - r * 017 "* 

25 « I »« *t r « «r «* «* - - ■* »* «* y 
1 01y o» - y - * - «* S y * " "* ~ » ^ 

Mot- Trf*u Glv GlY Ser Leu Asn Tfor 
Gly L eu Ser Asn Ala Leu Asn Asp Met Leu Gly no 

„ Thr Thr Ser Thr Thr Asn Ser Pro 

Leu Oly Ser Lys Qly Qly Asn Asn Thr Thr s ^ 

115 A 

„ ger Thr ser Gin Asn Abb Asp Ser 

^ Asp Gin Ala Leu Oly lie Asn ser Thr ^ 

130 1 ^ 

nan e r ser Asp Pro Met Gin Gin 
Tar ser Oly Thr Asp Ser Thr Ser Asp S r Ser Asp ^ 



05 Thr ser uj.y ««■ ~r --- 

145 150 
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Leu Leu Lys Met Phe Ser Glu lie Met Gin Ser Leu Phe Gly Asp Gly 
165 170 1 ■ 



Gin Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 

180 185 
Gly Glu Gin Asn Ala Tyr Lye Lye Gly Val Thr Asp Ala Leu Ser Gly 
Y 195 2 «° 205 

Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 2« MO 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
22S 230 235 

Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 
245 250 

Leu Gly Asn Ala Val Gly Thr Gly He Gly Met Lys Ala Gly He Gin 



260 



15 Ala Leu Asn Asp lie Gly Thr His Arg His Ser Ser Thr Arg Ser Phe 

275 280 
Val Asn Lys Gly Asp Arg Ala Met Ala Lys Glu lie Gly Gin Phe Met 



290 2 * 5 
Asp Gin Tyr Pro Glu Val Phe Gly Lys Pro Gin Tyr Gin Lys Gly Pro 
20 305 31° 

Gly Gin Glu Val Lys Thr Asp Asp Lys Ser Trp Ala Lye Ala Leu Ser 



325 -« Q 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 345 



25 Lys Ala Lys Gly Met lie Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 



Gly Asn Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 

Met Ala Leu Gly Lys Leu 
39S 400 



370 375 380 



Ala Met Met Ala Gly Asp Ala lie Asn Asn Met Ala Leu Gly Lys Leu 



30 385 390 

Gly Ala Ala 



This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
about 39 kDa, has a pi of approximately 43, and is heat stable at 100°C for at least 10 
35 minutes. This hypersensitive response elicitor polypeptide or protein has substantially 
nocysteine. The hypersensitive response eUcitor polypeptide or protem derived foom 
Erwinia amylovora is more folly described in Wei, Z.-M., R. J.Laby, C. H. Zumofc 
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D. W. Bauer, S.-Y. He, A, Collmer, and S. V. Beer, "Haipin, Elidtor of the 
Hypersensitive Response Produced by the Plant Pathogen Erwinia amylovora? 
Science 257:85-88 (1992), which is hereby incorporated by reference. The DNA 
molecule encoding this polypeptide or protein has a nucleotide sequence 
5 corresponding to SEQ. ID. No. 4 as follows: 

AAGCTTCGGC ATGGCACGTT TGACCGTTQG GTCGGCAGGG TACGTTTGAA TTATTCATAA 60 

GAGGAATACG TTATGAGTCT GAATACAAGT GGGCTGGGAG CGTCAACGAT GCAAATTTCT 120 

ATCGGCGGTG OGGGOGGAAA TAACGGGTTG CTGG6TACCA GTCGCCAGAA TGCTGGQTTG 180 

10 GGTGQCAATT CTGCACTGGG GCTGGQCGGC GGTAATCAAA ATGATACCGT CAATCAGCTG 240 

GCTGGCTTAC TCACCGGCAT GATGATGATG ATGAGCATGA TGGGCGGTQG TGGGCTGATQ 300 

GGCGGTGGCT TAGGCGQTGG CTTAGGTAAT GGCTTQQGTO GCTCAGGTGG CCTGGGCGAA 360 

GGACTGTCGA ACGCGCTGAA CGATATQTTA GGCGGTTCGC TGAACACGCT GGGCTCQAAA 420 

GGCGGCAACA ATACCACTTC AACAACAAAT TCCCCGCTG6 ACCAGGCGCT GGGTATTAAC 480 

15 TCAACGTCCC AAAACGACGA TTCCACCTCC GGCACAGATT CCACCTCAGA CTCCAGCGAC 540 

CCGATGCAGC AGCTGCTGAA GATGTTCAQC GAGATAATGC AAAGCCTGTT TGGTGATQQG 600 

CAAGA3X3GCA CCCAGGGCAQ TTCCTCTGGG 6GCAAGCAGC CGACCGAAGQ OGAGCAOAAC 660 

GCCTATAAAA AAGOAGTCAC T6ATGCGCT0 TCGQGCCTGA TGGGTAATGQ TCTQAGCCAG 720 
CTCCTTGGCA AOGGGGGACT 6GQAGGT66T CAGGGCGGTA ATGCTGGCAC GGGTCTTQAC 780 

20 06TTCGT0GC TGGGCGGCAA AGGGCTGCAA AACCTGAGCG GGCCGGTGGA CTACCAGCAG 840 
TTAGGTAACG CCGTGGGTAC CGGTATCGGT ATGAAAOCGG GCATTCAGGC GCTGAATGAT 900 
ATCGGTACGC ACAGOCACAG TTCAACCCOT TCTTTCGTCA ATAAAGGCGA TCGGGCGATO 560 

GCGAAGGAAA TCGGTCAGTT CATGGACCAG TATCCTGAGO TGTTTGGCAA GCCGCAGTAC 1020 

CAGAAAGGCC CGGGTCAGOA GGTGAAAACC GATGACAAAT CATGGGCAAA AGCACTGAGC 1080 

25 AAGCCAGATG ACQACGGAAT GACACCAGCC AGTATGGAGC AGTTCAACAA AQCCAAGGOC 1140 

ATGATCAAAA GGCCCATGGC GGGTGATACC GGCAACGGCA ACCTGCAGGC ACGCGGTGCC 1200 

GGTOGTTCTT CGCTGGGXAT TGATGCCATG ATGGCCGOTQ ATGCCATTAA CAATATGGCA 1260 

CTTGGCAAGC TOGGCGOOOC TTAAGCTT 1288 

30 The hypersensitive response elicitor from Erwinia amylovora has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. ID. 

No. 3, from amino add 32 to amino acid 74, particularly from amino acid 45 to amino 
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amino acid 32 to amino acid 57, particularly from amino acid 45 to amino add 57. 
The alpha-helix in the first domain extends, within SEQ. ID. No. 3, from amino arid 
57 to amino acid 74, particularly from amino arid 57 to amino arid 68. The second 
5 domamextends,withmSEQ.ID.No.3,fromammoaridl30 

particularly from amino arid 145 to amino acid 170. The acidic unit in the second 
domain extends, within SEQ. ID. No. 3, from amino arid 130 to amino arid 157, 
particularly from amino arid 145 to amino acid 157. The alpha-helix in the second 
domain extends, within SEQ. ID. No. 3, from amino arid 157 to amino arid 180, 
10 particularly from amino arid 157 to ammo arid 170. 

Another potentially suitable hypersensitive response elicitor from 
Erwinia amylavora is disclosed inUS. Patent Application Serial No. 09/120,927, 
whichisherehyincorporatedbyreference. The protein is encoded by a DNA 
molecule having a nucleic arid sequence of SEQ. ID. No. 5 as follows: 



20 



ATGTCAATTC TTACGCTTAA CAACAATACC TCGTCCTCGC CGGGTCTOTT CCAGTCCQGG 
GGGGAOACO GGCTTGGTGG TCATAATGCA AATTCTGC3T TCGGGCAACA ACCCATCGAT 
CGGCAAACCA TTGAGCAAAT GGCTCAATTA TTGQCGGAAC TGTTAAAQTC ACTOCTATCO 
CCACAATCAG GTAATGCGGC AACCGGAGCC GGTGGCAATG ACCAGACTAC AGGAGTTCGT 
AACGCTGGCG gcctgaacgg ACGAAAAGGC ACAGCAGGAA ccactocgca QTCTGACAST 



240 

300 



420 
480 
540 
€00 



CAGAACATGC TGAGTGAGAT GQGCAACAAC OGGCTOOATC AGGCCATCAC GCCCGATQGC 
CAGGGCGGCG GGCAGATCQG CGAIAATCCT TTACTGAAAG CCATGCTGAA GCTTATTGCA 
30 CGCATGATGQ ACGQCCAAAG CGATCAGTTT GGCCAACCTG CTACGGGCAA CAACAGIQCC 
TCTTCCGGTA CTTCTTCATC TGGCQGTTCC CCTTTTAACG ATCTATCAC3G" GGGGAAGGCC 
CCTTCCGGCA ACTCCCCTTC OGGCAACTAC TCTCCCGTCA GTACCTTCTC ACCCCCATCC 
35 ACGCCAACGT CCCCTACCTC ACCGCTTQAT TTCCCTTCIT CTCCCACCAA AGCAGCCGGG 660 
GGCASCACGC CGGTAACCGA TCATCCTGAC CCTGTTGGTA GCGCGGGCAT 0GGG6CC63A 720 
40 AATTCGGTGG CCTTCACCAG CGCCGGCGCT AATCAGACGG TGCTGCATGA CACCATTACC 7B0 
GTGAAAGOGQ QTCAGGTQTT TGATGGCAAA GGACAAACCT TCACCGCCGG TTCAOAATTA 840 
GGCGATGQCG GCCAGTCTGA AAACCAGAAA CCQCTGTTTA TACTGQAAGA CGOTGCCAOC 900 
45 CTGAAAAACG TCACCATGGG CGAOSACGGG GCGGATGGTA TTCATCTTTA CGGTGAXGCC 960 
AAAAIAGACA ATCXGCACOT CACCAACGT3 GGTGAGQACG CGATTACCGT TAAGCCAAAC 1020 
50 AGCGCGGGCA AAAAATCCCA CGTTGAAATC ACTAACASTT CCOTCSAGCA CGCCTCTQAC 1080 
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AAGATCCTGC AGCTGAATGC CGATACTAAC CTGAGCGTTG ACAACGTGAA GGCCAAAGAC 1140 

TTTGGTACTT TTGTACGCAC TAACGGCGGT CAACAGGOTA ACTGGQATCT GAATCTGAQC 1200 

5 

CATATCAGCO CAGAAGACGG TAAGTTCTCG TTCGTTAAAA GCGATAGCGA GGGGCTAAAC 1260 

GTCAATACCA GTGATATCTC ACTGGGTGAT GTTGAAAACC ACTACAAAGT GCCGATGTCC 1320 

10 GCCAACCTGA AGGTGGCTGA ATGA 1344 

See GenBank Accession No. U94513. The isolated DNA molecule of the present 
invention encodes a hypersensitive response elicitor protein or polypeptide having an 
amino acid sequence of SEQ. ID. No. 6 as follows: 

15 

Met Ser lie Leu Thr Leu Asn Asn Asn Thr Ser Ser Ser Pro Gly Leu 
1 5 10 15 

Phe Gin Ser Gly Gly Asp Asn Gly Leu Oly Oly His Asn Ala Asn Ser 
20 20 25 30 

Ala Leu Gly Gin Gin Pro He Asp Arg Gin Thr He Glu Gin Met Ala 
35 • 40 45 

25 Gin Leu Leu Ala Glu Leu Leu Lys Ser Leu Leu Ser Pro Gin Ser Gly 

50 55 60 



30 



45 



Asn Ala Ala Thr Gly Ala Gly Gly Asn Asp Gin Thr Thr Gly Val Gly 
65 70 75 80 

Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 



Gin Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 
35 100 105 110 

Asp Gin Ala He Thr Pro Aep Gly Gin Gly Gly Gly Gin He Gly Asp 
115 120 125 

40 Asn Pro Leu Leu Lys Ala Met Leu Lye Leu He Ala Arg Met Met Asp 

130 135 140 



Gly Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 
145 150 155 160 

Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 
165 170 175 



Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
50 180 * 185 190 

Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 
195 200 205 

55 Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 

210 215 220 
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val Thr Asp His Pro Asp Pro Val Gly Ber Ala Oly He Gly Ala £ 



15 



20 



35 



225 



230 



S er 1. *. ~ s.r U. =1, «U » «U * « » - 
5 - 245 

^ Thr He Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 

10 o* «. a. «. -» *« «- - «» " p -» 01y is *~ 

275 280 
Gln Lys Pro Leu Phe He Leu Glu Asp Gly Ala Mr Leu Lys Asa Val 
290 295 



THr Met Gly Asp Asp Gly Ala Asp Gly He HiS g Leu Tyr Gly Asp Ala 
305 310 

Lys He Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala He Tar 
325 330 



val Lys Pro Asu Ser Ala Gly Lys Lys Ser His Val Glu He Thr Asn 
340 345 
25 ser Ser Phe Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 

355 360 
ttr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 



370 



375 



30 val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 



390 



385 

lie Ser Ala 

405 

Asn Thr Ser 
420 425 

Asn Hie Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 



His II* Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 

405 410 
Olu Gly Leu Asn Val Asn Thr Ser Asp He Ser Leu Gly Asp Val Glu 



40 Asn His Tyr uy* v«* »» ™- 445 

435 

This protein or polypeptide is acidic, rich in glycine and serine, and lacks cysteine, ft 
45 is also heat stable, protease sensitive, and simpressed by inhibitors of plant 

metabolism. The protein or polypeptide ofthe present invention has a predicted 

molecular size of ca. 45 H>a. 

This hypersensitive response elicitor from Erwima amyhvora\ml 
hypersensitiveresponse eliciting domains. The first domain extends, within SEQ. ID. 

50 No itmLwto*****^*****^^^^**^ 
add 57. The acidic unit inthe first domain extends, v*thm SEQ. ID. No. 6, from 
andno acid 5 to amino acid 45 , particularly fix,m atrrino add 3 1 to amino add 45. The 
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amil oacid64,pardcularly fr o m a m inoacid45toa m inoadd64. The second do^ 
extends, within SEQ. ID. No. 6, fiom amino acid 103 to amino add 146, particularly 
tom ^o acid 116 to amino acid 140. The acidic unit in the second domam 
5 extends, within SEQ. ID. No. 6, fiom amino acid 103 to *nino acid 131, particularly 
from an^ arid 116 to arnmo arid 131. The alpha-helix in the second domam 
extends, within SEQ. ID. No. 6, from amino arid 131 to amino acid 146, particularly 

from amino arid 131 to amino arid 140. 

Another potentially suitable hypersensitive response eliritor from 

wHchisherebymcorporatedbyreference. The protein is encoded by a DNA 
molecule having a nucleic arid sequence of SEQ. ID. No. 7 as follows: 

ATGGAATTAA AATCACTGGG AACTQAACAC AM3GC3GCAQ TACAGACA9C GGCGCACAAC 
15 qctotgGGQC ATGSTQTTGC CTTACAGCRG GGCAGCAGCA GCAGCAGCCC GCAAAMOCC 
GCTGCATCAT TGGCGGCAGA AGGCAAAAAT CGTGG8AAAA TGCCGASAAT TCACCAQCCA 
20 TCTACTGCG9 CTGATGGTAT CAGCGCTGCT CACCAGCAAA AGAAATCCTT CAGTCTCAGB 
QgCTGTTTGG GGACQAAAAA ATTTTCCAGA TCGGCACCGC AGQGCCAGCC AGSIACCACC 
O^AAS GGGCAACATT GCGCQATCTQ CTCOCOCGGG ACGACGGCGA AACGCAGCAT 
25 GAGGCGGCOS CGCCAGATGC GGOGCQOTTQ ACCCGTTCQG GCSGCQTCRA AC3CCSCAAT 
ATGGACGACA TGGCCGQQCQ GCCAATGGTO AAAGOTGGCfc GCGGCGAAQA TAMOTACCA 
30 AOGCAGCAAfc AAOGGCATCA GCTGAACAAT TTTGQCCAQA TGCGCCAAAC GRTSITQRQC 
^^OCTC ACCCGGCTTC AGCCAA03CC GGCGATCOCC TOCAOCATTC ACCGCCGCAC 
ATCCCGGGTA GCCACCACGA AATCAAGGAA GAACCGGTTQ GCTCCACCAG CAAOOCAACA 
35 ACGGCCCACG CAGACAGAGT GGAAATCGCT CAGGAAGATG ACGACAGCGA ATTCCAGCAA 

CTGCATCAAC agcggctggc gcgcgaacgg gaaaatccac cgcagccgcc caaactcgoc 

40 GTTGCCACAC CQATTAGCGC CAGGTTTCAG CCCAAACTGA CTGCG8TTGC GGAAAGCGTC 
CTTGAGGGQA CAGATACCAC GCAGTCACCC CTTAAOCOQC AATCAATGCT GAAAGGAAQT 
GQAGCCGGGO TAACGCOGCT GGCGGTAACG CTGGATAAAG GCAAGTTGCA GCTGGCACCG 

45 6ATAATCCAC CCGCGCTCAA TAOGTTGTTQ AAQCAGACAT TGGGTARAQA CACCCAGCAC 1020 
TATCTGGCGC ACCATGCCAQ CAGCGACGGT AGCCAGCATC TGCTGCTGGA CAACAAA08C 1080 
50 CACCTGTTTG ATATCAAAAG CACCGCCACC AGCTATAGCG TGCTGCACAA CAGCCACCCC 
GGTGAGATAA AGGGCAAGCT GGCGCAGGCQ GCTACTG6CT CGGICAGCGT AGACOGEAAA 



60 
120 
180 
240 
300 
360 
420 
480 
540 
600 
660 
720 
780 
840 
900 
960 



1140 
1200 
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AGCGGCAAGA TCTCGCTGGG GAGCGGTACG 
CCGGGGGAAG CGCACCGTTC CTTATTAACC 
5 CGGCCGCAGG GCGAGTCAAT CCGCCTGCAT 
CTGGGOOTAT GGCAATCTGC GGATAAAGAT 
GQTAAGCTCT ATGCGCTGAA AGACAACCGT 

10 

TCAGAAAAGC TGGTCGATAA MTCAAA7C0 
ATCCTQACGQ ATACTCCCGQ COGCCATAAG 
15 CCGGAGAGOC ATATTTCCCT CAQCCTGCAT 
GGGAAGTCGG AGCTTGAGGC ACAATCTGTC 
GATAGCQAAO GCAAGCTGTT TAGCGCCOCC 

20 

AAAATGAAAG CCATGCCTCA GCATGCOCTC 
TCTOQATTTT TCCATGAOGA CCACGGCCAG 
25 ' CAGCAGCATQ CCTGCCCGTT GGGTAACGAT 
GATGQ3CTQO TTATCQACAA TCA6CTGGGG 
ATTCTTGATA TGGGGCATTT AGGCAOCCTG 

30 

GACCAGCTGA CCAAAGGGTG GACTGGCGCG 
CTGGATGGAG CAGCTTATCT ACTGAAAGAC 
35 AGCACCTCCT CTATCAAOCA CQGAACGGAA 
AAACCGOAOC CGGGAGATGC CCTGCAAGGG 
GCGGTGATTG GGGTAAATAA ATACCTGGCG 

40 

CAGATAAAAC CCGOCACCCA GCAGTTGGAG 
ATCAGCQGCG AACTGAAAGA CATTCATGTC 
45 CACGAGGGAG AGGTGTTTCA TCAGCCGOGT 
AGCTGGCACA AACTGGCGTT GCCACAGAGT 
CATGAGCACA AACCGATTGC CACCTTTGAA 

50 

GGCTGGCAOG CCTATGCGGC ACCTGAACGC 
CAAACCGTCT TTAACCGACT AATGCAGGGG 
55 TTGACGGTTA AGCTCTCGGC TCAGACGGGG 
AGCAGTAAAT TTTCCGAAAG GATCCGCGCC 
CGACCGATTA AAAATGCTGC TTATGCCACA 

60 

AAGCCGTTGT ACGAGATGCA GGGAGOOCTG 
CATAACGCGC CACAGCCAGA TTTGCAGAGC 
65 GGCGCAGAAT TGCTTAAOGA CATGAAGCGC 



-16- 1 

CAAAGTCACA ACAAAACAAT GCTAAGCCAA 1260 

GGCATTTGGC AGCATCCTGC TGGCGCAGOG 1 1320 

GACGACAAAA TTCATATCCT GCATCCGGAG 1380 

ACCCACAGCC AGCTGTCTCG CCAGGCAOAC 1440 

ACCCTGCAAA ACCTCTCCGA TAATAAATCC 1500 

TATTCCGTTG ATCAGCGGGG GCAGGTGGCG 1560 

ATGAGTATTA TGOCCT03CT GGATGCTTCC 1620 

TTTGCCGATG CCCACCAGGG GTTATTGCAC 1680 

GCGATCAGCC ATGGGOGACT GGTTGTGGCC 1740 

ATTCCGAAGC AAGGGGATGG AAACGAACTG 1800 

GATGAACATT TTGGTCATGA CCACCAGATT I860 

CTTAATGCGC TGGTGAAAAA TAACTTCAGG 1920 

CATCAGTTTC ACCCCGGCTG GAACCTGACT 1980 

CTGCATCATA CCAATCCTGA ACCGCATQAG 2040 

GCGTTACAGG AGGGCAAGCT TCACTATTTT 2100 

GAGTCAGATT GTAAGCAGCT GAAAAAAGGC 2160 

GGTGAAGTGA AACGCCTGAA TATTAATCAG 2220 

AACGTTTTTT CGCTGCCGCA TGTGCGCAAT 2280 

CTGAATAAAG ACGATAAGGC CCAGGCCATG 2340 

CTGAOGGAAA AAGGGGACAT TCGCTCCTTC 2400 

CGGCCGGCAC AAACTCTCAG CCGCGAAGGT 2460 

GACCACAAGC AGAACCTGTA TGCCTTGACC 2520 

GAAGCCTGGC AGAATGGTGC CGAAAGCAGC 2580 

GAAAGTAAGC TAAAAAGTCT GGACATGAGC 2640 

GACGGTAGCC AGCATCAGCT GAAGGCTGGC 2700 

GGGCCGCTGG CGGTGGGTAC CAGCGGTTCA 2760 

GTGAAAGGCA AGGTGATCCC AGGCAQCGGQ 2820 

GGAATGACCG GCGCCGAAGG GCGCAAGGTC 2880 

TATGCGTTCA ACCCAACAAT GTCCACGCCG 2940 

CAGCACGGCT GGCAGGGGCG TGAGGGGTTG 3000 

ATTAAACAAC TGGATGCGCA TAACGTTOGT 3060 

AAACTGGAAA CTCTGGATTT AGGCGAACAT 3120 

TTCCGCGACG AACTGGAGCA GAGTGCAACC 3180 
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CGTTCGGTGA 


CCGTTTTAGG 


TCAACATCAG 


GGAGTGCTAA AAAGCAACGG TGAAATCAAT 


3240 


AGCGAATTTA 


AGCCATCGCC 


CGGCAAGGCG 


TTGGTCCAGA GCTTTAACGT CAATCGCTCT 


3300 


GGTCAGGATC 


TAAGCAAGTC 


ACTGCAACAG 


GCAGTACATG CCAOGCOGGC ATCCGCAGA3 


3360 


AGTAAACTGC 


AATCCATGCT 


GGGGCACITT 


GTCAGTGCCG GGGTGGATAT GAGTCATCAG 


3420 


AAGGGCGAGA 


TCCCGCTGQG 


CCGCCAGCGC 


GATCCGAATG ATAAAACCGC ACTQACCAAA 


3480 


TC0C6TTXAA 


TTTTAGATAC 


CGTGACCATC 


GGTGAACTGC ATGAACTGGC CGATAAGGOG 


3540 


AAACTGGTAT 


CTGACCATAA 


ACCCGATGCC 


GATCAGATAA AACAGCTGCG ccagcagttc 


3600 


GATACGCTGC 


GTGAAAAGCG 


GTATGAGAGC 


AATCCGGTGA AGCATTACAC CGATATGGGC 


3660 


TTCACCCATA 


ATAAGGCGCT 


GGAAGCAAAC 


TATGATGCGG TCAAAGCCTT TATCAATGCC 


3720 


TTTAAGAAAG 


A6CACCACG0 


CGTCAATCTG 


ACCACGCGTA CCGTACTGGA ATCACAGGGC 


3780 


AGTGCGGAGC 


TGGCGAAQAA 


GCTCAAQAAT 


ACGCTGTTGT CCCTGGACAG TGGTGAAAGT 


3840 


ATOAGCTTCA 


GCCGGTCATA 


TGGCGGGGGC 


GTCAGCACTG TCTTTGTGCC TACCCTTAGC 


3900 


AAGAAGGTGC 


CAQTTCCX3GT 


6ATCCCCGQA 


GCCGGCATCA CGCTGGATCG CGCCTATAAC 


3960 


CTGAGCTTCA 


GTCGTACCAQ 


CGGCGGATTG 


AACGTCAGTT TTGGCCGCGA CGGCGGGGTG 


4020 


AGTGGTAACA 


TCATGGTCGC 


TACGGGCCAT 


GATGTGATGC CCTATATGAC CGGTAAGAAA 


4080 


ACCAGTGCAG 


GTAACGCCAG 


TGACTGGTTG 


AGCGCAAAAC ATAAAATCAG CCCGGACTTG 


4140 


CGTATCGGCG 


CTGCTGTGAG 


TGGCACCCTG 


CAAGGAACGC TACAAAACAG CCTGAAGTTT 


4200 


AAGCTGACAG 


AGGATGAGCT 


GCCTGGCTTT 


ATCCATGGCT TGACGCATGG CACGTTGACC 


4260 


CCGGCAGAAC 


TGTTGCAAAA 


GGGGATCGAA 


CATCAGATGA AGCAGGGCA0 CAAACTGA09 


4320 


TTTAGCGTCQ 


ATACCTOGGC 


AAATCTGGAT 


CTGCGTGCCG GTATCAATCT GAACGAAOAC 


4380 


GOCAGTAAAC 


CAAATGGTGT 


CACTGCCCGT 


GTTTCTGCCG GGCTAAGTGC ATCGGCAAAC 


4440 


CTGGCCGCCG 


GCTCGCGTGA 


ACGCAGCACC 


ACCTCTGGCC AGTTTGGCAG CAC0ACTT03 


4500 


GCCAGCAATA 


ACOGCCCAAC 


CTTCCTCAAC 


GGGGTCGGCG CGGGTGCTAA CCTOACGGCT 


4560 


OCTTTAGOGO 


TTGCCCATTC 


ATCTACGCAT 


GAAGGGAAAC OGGTCGGGAT CTTCCCGGCA 


4620 


TTTACCTOGA 


CCAATGTTTC 


GGCAGCGCTQ 


GCGCTGGATA ACCGTACCTC ACAGAGTATC 


4680 


AGCCTGGAAT 


TGAAGCGCGC 


GGAGCCGGTG 


ACCAGCAACG ATATCAGCGA QTTGACCTCC 


4740 


ACGCTGGGAA 


AACACTTTAA 


GGATAGCGCC 


ACAACGAAGA TGCTTGCCGC TCTCAAAGAG 


4800 


TTAGATGACG 


CTAAGCCCX3C 


TGAACAACTG 


CATATTTTAC AGCAGCATTT CAGTGCAAAA 


4860 


GATGTCGTCQ 


GTGATGAACG 


CTACGAGGOG 


GTGCGCAACC TGAAAAAACT GGTGATACGT 


4920 


CAACAGGCTG 


CGGACAGCCA 


CAGCATGGAA 


TTAGGATCTG CCAGTCACAG CACGACCTAC 


4980 


AATAATCTGT 


CGAGAATAAA 


TAATGACGGC 


ATTGTCGAGC TGCTACACAA ACATTTCGAT 


5040 


GCGGCATTAC 


CAGCAAGCAG 


TGCCAAACGT 


CTTGGTGAAA TGATGAATAA OGATCCGGCA 


5100 
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CTGRAAGATA TTATTAASCA GCTQCRAAGT ACGCCGTTCA GCftflOGCCAG CGTGTCGAXG 5160 

qjKJCTGAAAG ATGGTCTGCQ TGAGCAGAOG QAAAAAGCAA XACTGGACGG TAAGGTCGGT 5220 

5 GGTGAAGAAG TGGGAGTACT TTTCCAGGAT CGTAACRACT TGCGTGTTAA ATCGGTCAGC 5280 

GTCAGTCAGT CCGTC&GCAA AAGCGAAGGC TXCAATACCC CAGCGCIGTT ACIGGGGACG 5340 

AQCAACAGCG CTGCTATGAG CATGGAGCGC AACATCGQAA CCATTAATTT TAAATAGGGC 5400 

10 CAGGATCAGA ACAGCCCACG G0GATTTAGC CTGGAGGGTG GAATAGCTCA GGCTAKTCCG 5460 



CTOCQCTtAC TGATTTGAAG AK3GAAOGGC TGGAAATGAA GAGCTAA 



5517 



CAGGTCGCAT 

15 ThisDNAmoleculeisknownasfoe^^ This isolated 

DNAmoleculeofthepresentmventionencodesaprotemor polypeptide winch ekcrts 

- an amino acid sequence of SEQ. 



20 



ID. No. 8 as follows: 

Met Olu Leu Lys Ser Leu Gly Thr Glu Hie Lye Ala Ale Vel Hie Thr 



1 



Ma Ale Hie Aen Pro Vel Qly Hie Gly Vel Ale Leu Gin Gin Gly Ser 
25 20 

Ser Ser Ser Ser Pro Gin Aen Ale Ale Ale Ser Leu Ale Ale Glu Gly 



30 



35 

tye Aen Arg Gly Lye Met Pro Arg He Hi. Gin Pro Ser Tor Ale Ale 

50 55 
Asp Gly lie Ser Ale Ale Hie Gin Gin Lye Lye Ser Phe Ser Leu Arg 
65 70 75 

35 Gly eye Leu Gly Thr Lye Lye Phe Ser Arc, Ser Ale Pro Gin Gly Gin 

05 

pro Gly Thr Thr Hie Ser Lye Gly Ale Thr Leu Arg Aep Leu Leu Ale 

40 ioo 105 

Arg Aep Asp Gly Glu Thr Gin Hie Glu Ale Ale Ale Pro Aep Ale Ale 
115 120 

45 Arg Leu Thr Arg Ser Gly Gly Vel Lye Arg Arg Aen Met Aep Aep Met 

130 135 

Ale Gly Arg Pro Met Vel Lye Gly Gly Ser Gly Glu Aep Lye Vel Pro 
145 I 50 155 

50 Thr Gin Gin Lye Arg Hie Gin Leu Aen Aen Phe Gly Gin Met Arg Gin 

165 170 
Thr Met Leu Ser Lye Met Ale Hie Pro Ale Ser Ale Aen A* Gly Aep 

180 IBS 

^ Leu Gin Hie Ser Pro Pro Hie He Pro Gly Ser Hie Hie Glu lie 



40 



55 



195 
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Lys Glu Glu Pro Val Oly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 
210 215 220 , 

Asp Arg Val Glu lie Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
225 230 235 240 



10 



Leu His Gin Gin Arg lieu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 255 

Pro lys Leu Gly Val Ala Thr Pro He Ser Ala Arg Phe Gin Pro Lys 
260 265 270 



15 



Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 

Ser Pro Leu Lys Pro Gin Ser Met Leu Lys Gly Ser Gly Ala Gly Val 
290 295 300 



20 



Thr Pro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 315 320 



25 



Asp Asn Pro Pro Ala Leu Asn Thr Leu Leu Lys Gin Thr Leu Gly Lye 
325 330 335 

Asp Thr Gin His Tyr Leu Ala His His Ala Ser Ser Asp Gly Ser Gin 
340 345 350 



30 



His Leu Leu Leu Asp Asn Lys Gly His Leu Phe Asp He Lys Ser Thr 
355 360 365 

Ala Thr Ser Tyr Ser Val Leu Bis Asn Ser His Pro Gly Glu He Lys 
370 375 380 



Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lys 
35 385 390 395 400 



40 



Ser Gly Lys He Ser Leu Gly Ser Gly Thr Gin Ser His Asn Lys Thr 
405 410 415 

Net Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly He 
420 425 430 



45 



Trp Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 460 



Gin Ser Ala Asp Lys Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
50 465 470 475 480 



55 



Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
465 490 495 

Asp Asn Lys Ser Ser Glu Lys Leu Val Asp Lys He Lys Ser Tyr Ser 
S00 505 510 



60 



Val Asp Gin Arg Gly Gin Val Ala He Leu Thr Asp Thr Pro Gly Arg 
515 520 525 

His Lys Met Ser He Met Pro Ser Leu Asp Ala Ser Pro Glu Ser His 
530 535 540 



He Ser Leu Ser Leu His Phe Ala Asp Ala His Gin Gly Leu Leu His 
65 545 550 555 560 
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Gly Lys Ser Glu Leu Glu Ala Gin Ser Val Ala lie Ser His Gly Arg 
565 570 575 ~ 

Leu Val Val Ala Asp Ser Glu Gly Lys Leu Phe Ser Ala Ala He Pro 
580 585 590 



10 



25 



40 



55 



LyB Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 
595 600 605 

Ala Leu Asp Glu His Phe Gly His Asp His Gin lie Ser Gly Phe Phe 
610 615 620 



His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 
IS 625 630 635 640 

Gin Gin His Ala Cys Pro Leu Gly Asn Asp His Gin Phe His Pro Gly 
645 650 655 

20 Trp Asn Leu Thr Asp Ala Leu Val lie Asp Asn Gin Leu Gly Leu His 

660 665 670 



His Thr Asn Pro Glu Pro His Glu lie Leu Asp, Met Gly His Leu Gly 
675 660 " 685 

Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 
690 695 700 



Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lys Gin Leu Lys Lys Gly 
30 705 710 715 720 

Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 
725 • " 730 735 

35 Asn He Asn Gin Ser Thr Ser Ser He Lys His Gly Thr Glu Asn Val 

740 745 750 



Phe Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 
755 760 765 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 
770 775 7B0 



Val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Asp He Arg Ser Phe 
45 785 790 795 800 

Gin He Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 815 

50 Ser Arg Glu Gly He Ser Gly Glu Leu Lys Asp He His Val Asp His 

820 825 830 



Lys Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 
835 840 845 

Pro Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lys 
850 855 860 



Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 
60 865 870 875 880 

His Glu His Lys Pro He Ala Thr Phe Glu Asp Gly Ser Gin His Gin 
885 890 895 
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Leu Lys Ala Gly Oly Trp His Ala Tyr Ala Ala Pro Olu Arg Oly Pro 
900 905 910 

Leu Ala Val Oly Thr Ser Oly Ser Gin Thr Val Phe Asn Arg Leu Met 
5 915 920 925 

Gin Gly Val Lye oly Lye Val He Pro Gly Ser Gly Leu Thr Val Lye 
930 935 940 

10 Leu Ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Val 

945 950 955 960 



15 



30 



45 



60 



Ser Ser Lye Phe Ser Glu Arg He Arg Ala Tyr Ala Phe Asn Pro Thr 
965 970 975 

Met Ser Thr Pro Arg Pro He Lye Asn Ala Ala Tyr Ala Thr Gin His 
980 985 990 



Gly Trp Gin Gly Arg Glu Gly Leu Lye Pro Leu Tyr Glu Met Gin Gly 
20 995 1000 1005 

Ala Leu He Lys Gin Leu Aep Ala His Asn Val Arg His Asn Ala Pro 
1010 1015 1020 

25 Gin Pro Asp Leu Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 

1025 1030 1035 1040 



Gly Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1055 

Gin Ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 
1060 1065 1070 



Leu Lys Ser Asn Gly Glu He Asn Ser Glu Phe Lys Pro Ser Pro Gly 
35 1075 1080 1085 

Lye Ala Leu Val Gin Ser Phe Asn Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 1100 

40 Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 

1105 1110 1115 1120 



Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
1125 1130 1135 

Met Ser His Oln Lys Gly Glu He Pro Leu Gly Arg Gin Arg Asp Pro 
1140 1145 1150 



Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu He Leu Asp Thr Val 
50 1155 1160 1165 

Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 1175 1180 

55 Asp His Lye Pro Asp Ala Asp Gin He Lys Gin Leu Arg Gin Gin Phe 

1185 1190 1195 1200 



Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro val Lys His Tyr 
1205 1210 1215 

Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 
1220 1225 1230 



Ala Val Lys Ala Ph He Asn Ala Phe Lys Lye Glu His Hie Gly val 
65 1235 1240 1245 
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10 



25 



40 



55 



Asa lieu Thr Thr Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu hexx 
1250 1255 1260 I 

Ala Lys Lya Leu Lys Asn Tor Leu Leu Ser Leu Asp Ser Gly Glu Sex 
1265 1270 1275 1280 

Met Ser Pie Ser Arg Ser Tyx Gly Gly Gly Val Ser Thr Val Phe Val 
1285 1290 1295 

Pro Thr Leu Ser Lys Lys Val Pro Val Pro Val lie Pro Gly Ala Gly 
1300 1305 1310 



He Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 
15 1315 1320 1325 

Gly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn He 
1330 1335 1340 

20 Met Val Ala Thr Gly His Asp Val Met Pro Tyr Met Thr Gly Lys Lys 

1345 1350 1355 1360 



Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys His Lys He 
1365 1370 " 1375 

Ser Pro Asp Leu Arg He Gly Ala Ala Val Ser Gly Thr Leu Gin Gly 
1380 1385 1390 



Thr Leu Gin Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pxo 
30 1395 1400 1405 

Gly Phe He His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu t*eu 
1410 1415 1420 

35 Leu Gin Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu Thr 

1425 1430 1435 1440 



Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly He Asn 
1445 1450 14S5 

Leu Asn Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 
1460 1465 1470 



Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly ser Arg Glu Arg 
45 1475 1480 1485 

Ser Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 
1490 1495 1500 

50 Arg Pro Thr Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Thr Ala 

1505 1510 1515 1520 



Ala Leu Gly Val Ala His Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 1530 " " 1535 

He Phe Pro Ala Phe Thr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
1540 1545 1550 



Asp Asn Arg Thr Ser Gin Ser He Ser Leu Glu Leu Lys Arg Ala Glu 
60 1555 1560 1565 

Pro Val Thr Ser Asn Asp He Ser Glu Leu Thr Ser Thr Leu Gly Lys 
1570 1575 1580 
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His Phe Lys Asp Ser Ala Thr Thr Lys Met Leu Ala Ma Leu Lye G£ 
1585 1590 "95 

lieu Asp Asp Ala LysPro Ala Glu Gin LeuHis He Leu Gin GlnHls 



160S 



Phe ser Ala Lye Asp Val Val Gly Asp Glu Arg Tyr Glu Ala val Arg 
1620 1625 
10 Asn Leu Lys Lys Leu Val lie Arg Gin Gin Ala Ala AspSer His Sex 

1635 l* 40 

H i_ smr Thr Thr Tyr Asn Asn Leu Ser 

Met Glu Leu Gly Ser Ala Ser his ser inr iu± j 



1650 1«5 1660 

^ lie Asn Asn Asp Gly lie Val Glu Leu Leu His Lys His Phe Asp^ 
1665 I6 70 1675 

Ma Ala Leu Pro Ala Ser Ser Ala Lys Arg Leu Gly Glu Met Met Asn 
1685 165,0 

Asn asp Pro Ala Leu Lys Asp lie lie Lys Gin Leu Gin S«Ihr Pro 
1700 X705 

25 Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lys Asp Gly Leu Arg Olu 

1715 1720 

Gin Thr Glu Lys Ala lie Leu Asp Gly Lys Val Gly Arg Glu Glu Val 

1730 " 3S 
Gly val Leu Phe oln Asp Arg Asn Asn Leu Arg Val Lys Ser Val Ser 
1745 "SO "55 

val ser Gin Ser Val Ser Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
1765 I 770 

Leu Leu Gly Thr Ser Asn Ser Ala Ala Met Ser Met Glu Arg** He 

1780 1785 
Gly Thr m Asn Phe Lys Tyr GlyGln Asp Gin Asn ThrPro Arg Arg 

Phe ThrLeu Glu Gly Gly IleAla Gin Ala Asn ProGln Val Ala Ser 



Ala Leu 
1825 



Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 
1630 I 835 



50 This protein or polypeptide is about 198 KDa andhas apl of 858. 

TTae present invention relates to an isolated DNA molecule having a 
nucleotide sequence of SEQ. ID. No. 9 as follows: 



55 



60 



ATQACATCGT CACAGCAGCG GGTTGAAAGG TTTTTACAGT ATTTCTCCGC OGGGTGTAAA 60 

ACOCCCMAC ATCTGAAAGA CGGGGTGTGC GCCCTGTATA ACGAACAAGA TGAGGAGGCG 120 

GCGGTGCTG3 AAGTACOGCA ACACAGOGAC AGOCTGTTAC TACACIGCCG AATCATTGAG 180 

QCTORCOCAC AAACTTCAAT AACCCTGTAT TOGATGCIAT TACAGCTGAA TTTTGAAATG 240 
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GOGGCCATGC GCGGCTGTTG GCTGGOGCTO GATGAACTGC ACAACGTGCG TTTATGTSTT 300 

CAGCAGTCGC TGGAGCATCT GGATGAAGCA AGTTTTA3CQ ATATCGTTA3 CGGCTTCATC 1 360 

5 GAACATGCGQ CAQAAGTGCG TGAGTATATA GCGCAATTAG ACGAGAGTAG CGCGGCATAA 420 



This is known as the dspF gene. Tins isolated DNA molecule of the present invention 
encodes a hypersensitive response elicitor protein or polypeptide having an amino 
10 acid sequence of SEQ. ID. No. 10 as Mows: 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Pbe Ser 
15 10 15 

15 Ala Gly Cys Lys Thr Pro lie Hie lieu Lys Asp Gly Val Cys Ala Leu 

20 25 30 



20 



Tyr Aen Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro Gin His 
35 40 45 

Ser Asp Ser Leu Leu Leu His Cys Arg lie lie Glu Ala Asp Pro Gin 
50 55 60 



Thr Ser lie Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
25 65 70 75 80 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 

30 Arg Leu Cys Phe Gin Gin Ser Leu Glu His Leu Asp Glu Ala Ser Phe 

100 105 110 



35 



Ser Asp lie Val Ser Gly Phe lie Glu His Ala Ala Glu Val Arg Glu 
115 120 125 

Tyr lie Ala Gin Leu Asp Glu Ser Ser Ala Ala 
130 135 



40 This protein or polypeptide is about 16 kDa and has a pi of 4.45. 

The hypersensitive response elicitor polypeptide or protein derived 
from Pseudomonos syringae has an amino acid sequence corresponding to SEQ. ID. 
No. 11 as follows: 

45 Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 

1 5 10 15 

Ala Leu Val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 30 

50 Ser LyB Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 

35 40 45 

Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu Ala 
50 55 60 
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Lys ser, Met Ala Ala Asp Gly Lys Ala Gly Gly Gly He Glu Asp Val 

65 ^ 

Ile Ma Ala Leu Asp Lye feu lie His Glu Lys Leu Oly Asp Asa Pne 
85 90 

, '« ser Ala Ser Oly Tar Gly Gin Gin Asp Leu Met 

5 Gly Ala Ser Ala Asp Ser Aia be* «*jr . UQ 

100 105 
Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 
ttr Lys Glu Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
10 130 135 

Leu Asn Lys He Ala Glu Phe Met Asp Asp Asn Pro Ala Gin Pbe Pro 

Z Pro Asp ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
165 170 

15 Leu Asp Gly Asp Glu Thr Ala Ala Pbe Arg Ser Ala Leu Asp He Ile 

180 loa 
Gly Gin Gin Leu Gly Asu Gin Glu Ser Asp Ala Gly S« Leu Ala Gly 

195 200 
Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser Ser 
20 210 

val Met Gly Asp Pro Leu lie Asp Ala Asn Thr Gly Pro Gly Asp S« 
225 230 

«y Asn Thr Arg Gly Glu Ala Gly Gin Leu He Gly Glu Leu He Asp 
245 250 

25 Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 

260 265 
asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 



275 



280 



Leu Asp Glu Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu Ala 
30 290 295 

Thr Leu Lys Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 



305 



310 



Gin He Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr Arg 



325 »0 



35 Asn Gin Ala Ala Ala 

340 
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Tfcshypersensmver^^ 

34-35H>a. It is rich inglycine (about 13.5%) and ladks cysteine and tyrosme. 
Further information about the hypersensitive response elicitor derived from 
Pseudomonas syringae is found in He, S. Y., H. C. Huang, and A. Colhner. 

Pathway and Ehdts me Hyueraensitr.e Response m Hants," ^ 
(1993), which is hereby incorporated by reference. The DNA molecule encoding the 
hypersensitive response elicitor from Pseudomonas syringae has a nucleotide 
se quenwc<nTespondingtoSEQ.ID.No. 12asfollows: 

10 ATGCAGAGTC TCABTCTTAA CAGCAGCTCG CTQCRAACCC CQQCARTOOC CCnQTCCTQ 60 
STACGTCCT3 AMC0GA8AC GACTGGCAflT ACGTOGAGCR AGOCQCTTCA GGAM3TTGTC 
GTGAAGCTGG CCGAGGAACT GATGCGCAAT GOTC^-XCSACAGCTC (KCATTGOO* 
^ACTGTKW CCAAGTC3AT GGCGGCAGAT GGCAMGOOO OCGOCGGXAT TGAGGATGTC 
15 ATCGC^CSC TGGACAAGCT GATCCATGAA AAGCTCGGTG ACAACTTCQG COCGTCTQCG 
GftCftQCGCCT CGC3GTACCGG ACAGCAGSRC CTQMQACTC- AGGTGCTCAA. TGGCCTGGCC 
^CQATGC TCGATQATCT TCTGACCAAG CAGGATGGCG GGACAM3CTT CTCCGAAGAC 
GATATGCCQA TGCTGAACAA GATCGCGCAG TTCATGGATO ACAATOOCGC ACAOTTTCCC 
AAGCCGGACT CGGGCTCCTG GGTGAACGAA CTCAAGOAM.ACAACTTCCT TGRTGQOQRC 
20 QAAACGGCTG CGTTCCQTTC GGCACTCGAC ATCATTGQCC AQCAACTGGQ TAATCAQCAQ 
AQTQACQCTQ GCAGTCTGGC AGGGACGGGT GGAGGTCTGQ GCACTCCGAQ C*GTrrTTCC 
AACAACTCGT CCGXGAXGOG nKCCOCXO ATCGACGCCA ATACCGGTCC CGGTGACAGC 
OGCAATACCC STGGTOAAGC GGGGCAACTG ATCGGCGAQC TTATCGACCX3 TGGCCTGCAA 
T03GTATTGG CCGGTQGTGQ ACTGGQCRC& CCOQTAAACA CCCGGCMAC O33TA0GT08 
25 GCQAATGGOO QACAGTCCGC TCftGQATCTT 6ATCA0TT0C TGGGCGGCTT GCTGCTCRRQ 

Q0GCAAAT08 CCACCTTOCT 00TCAGTAC3 CTQCTGCARfl GCACCCQCAA TCAGGCTQCA 
GCCTQA 



120 

180 

240 

300 

360 

420 

480 
540 
600 
660 
720 
780 
840 
900 
960 
1020 
1026 



30 



Another potential 



Pseudomonas syringae 



is disclosed in U.S. Patent Application Serial No. 09/120,817, 
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which is hereby incorporated by reference. The protein has a nucleotide sequence of 
SEQ. ID. No. 13 as Mows: 



10 



15 



25 



in 



TCATAGAAAC 


GTTCAGQTGT 


GQAAATCAQG 


60 


TGQTACTQQT 


CATTGTTGGT 


GATTTCAAOQ 


120 


CTTCCTGCTQ 


GCGTGTGCAC 


ACTGAQTCGC 


180 


TTGGGCMAT 


AAAAAAAGOA 


ACTTTTAAAA 


240 


ACOGGTOGCT 


GCX3CTTTCCC 


ACTCACTTGG 


300 


TATCGAACQG 


ACAGCGATAC 


GQCCACTTQC 


360 


AATTGCCCAC 


TTAGCQAGOT 


AACGCAGCAT 


420 


GACCACCACG 


CCACTCQATT 


TTTOQGOGCT 


480 


CGGCGAGCAO 


AACACTCAQC 


AAGCGATCGA 


540 


ACAGAAAOAC 


GTCAACTTCG 


GCAOGCOCOA 


600 


CAAGCCCAAC 


QACAGCCAOT 


CCAACATCGC 


660 


GCTGCAGATG 


CTCACCAACT 


CCAATAAAAA 


720 


CCAGQCTCCT 


TTCCAQAACA 


ACGGCGGGCT 


780 


CGGTACACCG 


QATGCGACAG 


GTGGCGGCGG 


840 


CGGCGGTGAT 


ACTCCQACCG 


CAACAGGCQQ 


900 


TGCAACAGGT 


QGCQQCmCQ 


GTGGCACACC 


960 


AACACCGCAA 


ATCACTCCGC 


AGTTGGCCAA 


1020 


GTCGGACACC 


GCAGQTTCTA 


CCQAGCAAGC 


1080 


CAAGGTCGOC 


GCTGQCQAAQ 


TCTTTGACGG 


1140 


TATGGGTAAC 


GGAGACCAGG 


GCC3AAAATCA 


1200 


TACGTTGAAG 


AATGTQAACC 


TGGOTGAQAA. 


1260 


AAACQCTCAO 


GAAGTCACCA 


TTGACAACC5T 


1320 


TACGGTCAAA 


GGCGAGGGAG 


6CGCAGCQQT 


1380 


CAAAGQTGCA 


GACGACAAQG 


TTGTCCAOCT 


1440 


CTTCAAGGCC 


GACGATTTCG 


GCAOGATOGT 


1S00 


CATGAGCATC 


GAGCTGAACQ 


GCATCQAAGC 


1560 


CGACAGTGAC 


GATCTGAAOC 


TGGCAACGOG 


1620 


CTACQATAAA 


ACCCAGQCAT 


CGACCCAACA 


1680 


GAAAAAAGGG 


GQTGQACTC 




1729 
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This DNA molecule is known as the dspE gene for Pseudomonas syringae. This 
isolated DNA molecule of the present invention encodes a protein or polypeptide 
which elicits a plant pathogen's hypersensitive response having an amino acid 
sequence of SEQ, ID. No. 14 as follows: 

5 

Met Ser He Gly lie Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 
15 10 15 

Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Asn Thr Phe Gly 
10 20 25 30 

Glu Gin Asn Thr Gin Gin Ala lie Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

15 Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 

50 55 60 



20 



35 



50 



Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn lie 

65 70 75 60 

Ala Lys Leu tie Ser Ala Leu He Net Ser Leu Leu Gin Met Leu Thr 
85 90 95 



Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
25 100 105 110 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

30 Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 

130 135 140 



Pro Ser Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 
145 150 155 160 

Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 
165 170 175 



Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
40 180 185 190 

Pro Gin He Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 . 200 205 

45 Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys He 

210 215 220 



Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
225 230 235 240 

Gly His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 



Gin Gly Glu Asn Gin Lys Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 
55 260 265 270 



10 



15 



25' 



30 



PCT/OSO1/18820 

WO 01/98501 

-29- 

Leu Lye Ass Val Asn Leu Gly Olu Asn Glu Val Ab P Gly He His val 
275 280 

5 Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val His Ala Gin 

290 , 295 
Asn val Gly Glu Asp Leu lie Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 3« 

Val Thr Asn Leu Asn He Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 

325 330 
Lys Val val Gin Leu Asn Ala Asn Thr His Leu Lys He Asp Asn Phe 
340 345 

Lye Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 

20 Phe Asp Asp Met ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 

370 375 
Lye Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 
• 385 3 *° 395 

Gly Asn He Ala Met Thr Asp Val Lys His Ala Tyr Asp Lys Thr Gin 



405 410 



Ala Ser Thr Gin His Thr Glu Leu 
420 



This protean or polypeptide is about 42.9 kDa. 

This hypersensitive response elicitor from Pseudomonas syringae has 1 

35 hypercenritiverespome^ 

14 from amino acid 45 to amino acid 102, particularly from amino acid 58 to ammo 
aci'd92. The acidic unit in the first domain extends, within SEQ. ID. No. 14,from 
amino acid 45 to amino acid 79, particularly from amino acid 58 to amino acid79. 
The alpha-helix inthe first domain extends, within SEQ. ID. No. 14, from amino aad 

40 7 9toanmioaddl02,particdarlyfromammoadd79toam^ 

ThehyperseiisitiveresponseeUcitorpolypeptideorprotemderived 

from Pseudomonas solanacearum has an amino acid sequence corresponding to SEQ. 

ID. No. 15 as follows: 

45 Met ser Val Gly Asn He Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 

1 5 

Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
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Val Gin Asp Leu He Lye Gin Val Glu Lye Asp He Leu Aen He He 
35 40 45 | 

Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 
50' 55 €0 

5 Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 

65 70 75 80 

Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
65 90 95 

Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
10 100 105 110 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 



15 



Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 140 

Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 
145 150 155 160 



Glu Ala Leu Gin Glu He Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 170 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
20 180 185 150 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
195 200 205 



25 



Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
210 215 220 

Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 
225 230 235 240 



Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys He Leu Asn 
245 250 255 

Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn Gin 
30 260 265 270 

Ala Gin Gly Gly Ser Lys Gly Ala Gly Asn Ala Ser Pro Ala Ser Gly 
275 280 285 



Ala Asn Pro Gly Ala Asn Gin Pro Gly Ser Ala Asp Asp Gin Ser Ser 
290 295 300 

35 Gly Gin Asn Asn Leu Gin Ser Gin He Met Asp Val Val Lys Glu Val 

305 310 315 320 

Val Gin He Leu Gin Gin Met Leu Ala Ala Gin Asn Gly Gly Ser Gin 
325 330 * 335 
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Gin Ser Thr Ser Thr Gin Pro Met 

340 l 

It is encoded by a DNA molecule having a nucleotide sequence corresponding SEQ. 
ID. No. 16 as follows: 

5 ATGTCAGTCQ GAAACATCCA GAGCCCGTCG AACCTCCCGG GTCTGCAGAA CCTGAACCTC 60 

AACACCAACA CCAACAGCCA GCAATCOGOC CAGTCCCTGC AAGACCTGAT CAAGCAGOTC 120 

GAGAAGGACA TCCTCAACAT CATCGCAGCC CTCGTGCAGA AGGCCGCACA GTCG0CG6GC 180 

GGCAACACCG GTAACACCGG CAACGCGCCG GCGAAGGACG GCAATOCCAA COCGGGCOCC 240 

AACGACCCGA GCAAGAACGA CCCGAGCAAG AGCCAGGCTC CGCAGTCGGC CAACAAGACC 300 

10 GGCAACGTCG ACQACGCCAA CAACCAGGAT CCGATGCAAG CGCTGATGCA GCTGCTGGAA 360 

GACCTGGTGA AGCTGCTGAA GGCGGCCCTO CACATGCAGC AGCCCGGCOG CAATGACAAQ 420 

GGCAACGGCG TGGGCGGTGC CAACGGCGCC AAGGGTGCCG GCGGCGAJ3GG CGGCCTGGCC 480 

GAAGCGCTGC AGGAGATCGA GCAGATCCTC GCCCAGCTOG GOGGCGGOGG TCCTGGCGCC 540 

GGCGGOGCGG GTGGCGGTGT CGGCGGTGCT GGTGGCGCGG ATGGCGOCTC CGGTGCGGGT 600 

15 GGCGCAGGCG GTGCGAACGG CGCCGACGGC GGCAATGGCG TGAACGGCAA CCAGGCGAAC 660 

GGCCCGCAGA ACGCAGGCGA TGTCAACGGT GCCAACGGCG CGGATGACGG CAGCGAAGAC 720 

GAGGGCGGCC TCACCGGCGT GCTGCAAAAG CTGATGAAGA TCCTGAACGC GCTGGTGCAG 780 

ATGATGCAGC AAGGCGGCCT CGGCGGCGGC AACCAGGCGC AGGGCGGCTC GAAGGGTGCC 840 

GGCAACGCCT OQCOGGCTTC CGGCGCGAAC COGGGOGCGA ACCAGCOOGG TTCGGCGGAT 900 

20 GATCAATCGT CCGGCCAGAA CAATCTGCAA TCCCAGATCA TGGATGTGGT GAAGGAGGTC 960 

GTCCAGATCC TGCAGCAGAT GCTGGCGGOG CAGAACGGCG GCAGCCAGCA GTCCACCTCG 1020 

ACGCAGCCGA TQTAA 1035 

25 Further infonnation regarding the hypersensitive response elicitor polypeptide or 
protein derived from Pseudomonas solanacearum is set forth in Arlat, ML, F. Van 
Gijsegem, J. C. Huet, J. C. Pemollet, and C. A. Boucher, "PopAl, a Protein which 
Induces a Hypersensitive-like Response in Specific Petunia Genotypes, is Secreted 
via the Hip Pathway of Pseudomonas solanacearum," EMBOJ. 13:543-533 (1994), 

30 which is hereby incorporated by reference. 

The hypersensitive response elicitor from Pseudomonas solanacearum has 2 
hypersensitive response eliciting domains. The first domain extends, within SEQ. ID. 
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No 15 ^mdmmki»^m^miAVi\,v^^^^ m ^ 95ti 
antacid 123. The acidic unit in the fiist domain extends, within SEQ. ID. No. 15, 
fro* amino acid 85 to amino acid 1 1 1 , particularly from amino acid 95 to amino add 
123 Thealpha*elkkfce^ 
5 amino acid 85 to amino acid 111, particularly from amino acid 95 to amino acid 111. 
The second domain extends, within SEQ. ID. No. 15, from amino acid 195 to ammo 
acid264,parn^ytomanunoadd229toaminoacid258. The acinic unit in the 
second domain extends, withkSEQ.ID.No.l5,nx>mammoaddl95toan 1 inoaad 
246 P articularlynx,mammoadd229toaminoacid264. The alpha-helix in me 
second domain extends, within SEQ. ID. No. 15, from amino add 246 to amino acid 
264, particularly from amino acid 246 to amino acid 258. 

TheN-teimmusofmehypersens^ 
protein torn Xanthomas campestris has an amino acid sequence corresponding to 
SEQ. ID. No. 17 as follows: 



10 



15 



Met Asp Gly He Gly *ra His Phe Ser Asn 



1 5 



20 



The hypersensitive response elicitor polypeptide or protein from 
Xanthomonascampestrispv.pelargonii is heat stable, protease sensitive, and has a 
molecular weight of 20 kDa, It includes an amino acid sequence corresponding to 
SEQ. ID. No. 18 as follows: 

„, „, „- r via Gly Ser Glu Gin Gin Leu Asp Gin 

25 Ser Ser Gin Gin Ser Pro ser Ju.a 15 



5 



lieu Leu Ala Met 
20 



30 Isolation of Erwinia carotovora hypersensitive response elictor protein 

or polypeptide is described in Cui et al., "The RsmA Mutants of Erwinia carotovora 
subsp. carotovora Strain Ecc71 Overexpress hrp^ andEUcit aHypersensitrve 
Reacrton-likeResponsem^^^ 

herebyincoiporatedbyreference. The hypersensitive response eUcitorprotem or 

is set forth in Ahmad et aL, "Harpin is Not 
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Necessary for the Pathogenicity of Erwtnia stewartii on Maize," 8thfat'l. Cong. 

i 

Molec. Plant-Microbe Interact. July 14-19, 1996 and Ahmad, et aL, "Harpin is Not 
Necessary for the Pathogenicity of Erwinia stewartii on Maize" Aim. Mt^. Am. 
Phvtopath. Soc.. July 27-3 1, 1996, which are hereby incorporated by reference. 

5 Hypersensitive response elicitor proteins or polypeptides from 

Phytophthora parasitica, Phytophthora ayptogea, Phytophthora cinnamoni, 
Phytophthora capsici, Phytophthora megasperma, andPhytophora citrophthora are 
described in Kaman, et aL, "Extracellular Protein Elicitors from Phytqphthora: Most 
Specificity and Induction of Resistance to Bacterial and Fungal Phytopathogens," 

10 Molec. Plant-Microbe Interact, 6(l):15-25 (1993), Ricci et aL, "Structure and 
Activity of Proteins from Pathogenic Fungi Phytophthora Eliciting Necrosis and 
Acquired Resistance in Tobacco," Eur. J. Biocherau. 183:555-63 (1989), Ricci et aL, 
'Differential Production of Parasiticein, and Elicitor of Necrosis and Resistance in 
Tobacco, by Isolates of Phytophthora parasitica," Plant Path. 41 -.298-307 (1992), 

15 Baillreul et al, "A New Elicitor of the Hypersensitive Response in Tobacco: A 

Fungal Glycoprotein Elicits Cell Death, Expression of Defence Genes, Production of 
Salicylic Acid, and Induction of Systemic Acquired Resistance/ 1 Plant J., 8(4):551-60 
. (1995), and Bonnet et aL, "Acquired Resistance Triggered by Elicitors in Tobacco 
. and Other Plants," Eur. J. Plant Path., 102:1 81-92 (1996), which are hereby 

20 incorporated by reference. 

Another hypersensitive response elicitor in accordance with the present 
invention is from Clavibacter michiganensis subsp. sepedonicus which is fully 
■ described in U.S. Patent Application Serial No. 09/136,625, which is hereby 
incorporated by reference. 

25 The above elicitors are exemplary. Other elicitors can be identified by 

growing fungi or bacteria that elicit a hypersensitive response under conditions which 
genes encoding an elicitor are expressed. Cell-free preparations from culture 
supernatants can be tested for elicitor activity (i.e. local necrosis) by using them to 
infiltrate appropriate plant tissues. 

30 Fragments of the above hypersensitive response elicitor polypeptides 

or proteins as well as fragments of full length elicitors from other pathogens are 
encompassed by the method of the present invention. 



i 

i 
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Suitable fragments can be produced by several means. In the first, 
subclones of the gene encoding a known elicitor protein are produced by conventional 
molecular genetic manipulation by subcloning gene fragments. The subclones then 
are expressed in vitro or in vivo in bacterial cells to yield a smaller protein or peptide 
5 that can be tested for elicitor activity according to the procedure described below. 

As an alternative, fragments of an elicitor protein can be produced by 
digestion of a full-length elicitor protein with proteolytic enzymes like chymotrypsin 
or Staphylococcus proteinase A, or trypsin. Different proteolytic enzymes are likely 
to cleave elicitor proteins at different sites based on the amino acid sequence of the 

10 • elicitor protein. Some of the fragments that result from proteolysis may be active 
elicit ors of resistance. 

In another approach, based on knowledge of the primary structure of 
the protein, fragments of the elicitor protein gene may be synthesized by using the 
PCR technique together with specific sets of primers chosen to represent particular 

15 portions of the protein. These then would be cloned into an appropriate vector for 
expression of a truncated peptide or protein. 

Chemical synthesis can also be used to make suitable fragments. Such 
a synthesis is carried out using known amino acid sequences for the elicitor being 
produced. Alternatively, subjecting a full length elicitor to high temperatures and 

20 pressures will produce fragments. These fragments can then be separated by 
conventional procedures (e.g., chromatography, SDS-PAGE). 

An example of suitable fragments of a hypersensitive response elicitor 
which do elicit a hypersensitive response are Erwinia amylovora fragments including 
a C-terminal fragment of the amino acid sequence of SEQ. ID. No. 3, an N-terminal 

25 fragment of the amino acid sequence of SEQ. ID. No. 3, or an internal fragment of the 
amino acid sequence of SEQ. ID. No. 3. The C-terminal fragment of the amino acid 
sequence of SEQ. ID. No. 3 can span amino acids 105 and 403 of SEQ. ID. No. 3. 
The N-terminal fragment of the amino acid sequence of SEQ. ID. No. 3 can span the 
following amino acids of SEQ. ID. No. 3: 1 and 98, 1 and 104, 1 and 122, 1 and 168, 

30 1 and 218, 1 and 266, 1 and 342, 1 and 321, and 1 and 372. The internal fragment of 
the amino acid sequence of SEQ. ID. No. 3 can span the following amino acids of 
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SEQ. ID. No. 3: 76 and 209, 105 and 209, 99 and 209, 137 and 204, 137 and 200, 
109 and 204, 109 and 200, 137 and ISO, and 105 and 180. 

Suitable DNA molecules are those that hybridize to the DNA molecule 
comprising a nucleotide sequence of SEQ. ID. Nos. 2, 4, 5, 7, 9, 12, 13, and 16 under 

5 stringent conditions. An example of suitable high stringency conditions is when 
hybridization is carried out at 6S°C for 20 hours in a medium containing 1M NaCl, 50 
mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.1% sodium dodecyl sulfate, 02% ficoll, 
0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin, 50 \m g/ml E. coli DNA. 
Suitable stringency conditions also include hybridization in a hybridization buffer 

10 • comprising 0.9M sodium citrate ("SSC") buffer at a temperature of 37°C where 
hybridized nucleic acids remain bound when subject to washing the SSC buffer at a 
temperature of 37°C; and preferably in a hybridization buffer comprising 20% 
' formamide in 0.9M SSC buffer at a temperature of 42°C where hybridized nucleic 
acids remain bound when subject to washing at 42°C with 0.2x SSC buffer at 42°C. 

15 • ■ Variants may be made by, for example, the deletion or addition of 

amino acids that have minimal influence on the properties, secondary structure and 
hydropathic nature of the polypeptide. For example, a polypeptide may be conjugated 
to a signal (or leader) sequence at the N-terminal end of the protein which co- 
translationally or post-translafionally directs transfer of the protein. The polypeptide 

20 •' may also be conjugated to a linker or other sequence for ease of synthesis, 
purification, or identification of the polypeptide. 

A particularly advantageous aspect of the present invention involves 
utilizing a protein having a pair or more, particularly 3 or more, coupled domains. 
These domains can be from different source organisms. When a DNA molecule 

25'' encoding such a protein is prepared, it can be advantageously used to make transgenic 
1 plants. The use of a gene encoding such domains, as opposed to a gene encoding a 
full length hypersensitive response elicitor, has a number of benefits. Firstly, such a 
gene is easier to synthesize. More significantly, the use of a plurality of domains 
together from different source organisms can impart their combined benefits to a 

30 transgenic plant 

The DNA molecule encoding the hypersensitive response elicitor 
polypeptide or protein can be incorporated in cells using conventional recombinant 
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DNA technology. Generally, this involves inserting the DNA molecule into an 
expression system to which the DNA molecule is heterologous (i.e. not normally 
present). The heterologous DNA molecule is inserted into the expression system or 
vector in proper sense orientation and correct reading frame. The vector contains the 
5 necessary elements for the transcription and translation of the inserted protein-coding 
sequences. 

U.S. Patent No. 4,237,224 to Cohen and Boyer, which is hereby 
incorporated by reference, describes the production of expression systems in the form 
of recombinant plasmids using restriction enzyme cleavage and ligation with DNA 

10 ligase. These recombinant plasmids are then introduced by means of transformation 
and replicated in unicellular cultures including procaryotic organisms and eucaiyotic 
cells grown in tissue culture. 

Recombinant genes may also be introduced into viruses, such as 
vaccina virus. Recombinant viruses can be generated by transfection of plasmids into 

15 cells infected with virus. 

Suitable vectors include, but are not limited to, the following viral 
vectors such as lambda vector system gtl 1, gt WES.tB, Charon 4, and plasmid vectors 
such as pBR322, pBR325, pACYC177, pACYC1084, pUC8, pUC9, pUCl 8, pUC19, 
pLG339, pR290, pKC37, pKClOl, SV 40, pBluescript H SK +/- or KS +/- (see 

20 "Stratagene Cloning Systems" Catalog (1993) from Stratagene, La Jolla, Cali£ which 
is hereby incorporated by reference), pQE, pIH821, pGEX, pET series (see F.W. 
Studier. et al., "Use of T7 RNA Polymerase to Direct Expression of Cloned Genes," 
Gene Expression Technology vol. 185 (1990), which is hereby incorporated by 
reference), and any derivatives thereof Recombinant molecules can be introduced 

25 into cells via transformation, particularly transduction, conjugation, mobilization, or 
electroporation. The DNA sequences are cloned into the vector using standard 
cloning procedures in the art, as described by Sambrook et al., Molecular C loning A 
Laboratory Manual Cold Springs Laboratory, Cold Springs Harbor, New York 
(1989), which is hereby incorporated by reference. 

30 A variety of host-vector systems may be utilized to express the protein- 

encoding sequence(s). Primarily, the vector system must be compatible with the host 
cell used. Host-vector systems include but are not limited to the following: bacteria 
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transformed with bacteriophage DNA, plasmid DNA, or cosmid DNA; 
microorganisms such as yeast containing yeast vectors; mammalian cell systems 
infected with virus (e.g., vaccinia virus, adenovirus, etc.); insect cell systems infected 
with virus (e.g., baculovirus); and plant cells infected by bacteria. The expression 

5 elements of these vectors vary in their strength and specificities. Depending upon the 
host-vector system utilized, any one of a number of suitable transcription and 
translation elements can be used. 

Different genetic signals and processing events control many levels of 
gene expression (e.g., DNA transcription and messenger RNA (mRNA) translation). 

10 • Transcription of DNA is dependent upon the presence of a promoter 

which is a DNA sequence that directs the binding of RNA polymerase and thereby 
promotes mKNA synthesis. The DNA sequences of eucaryotic promoters differ from 
those of procaryotic promoters. Furthermore, eucaryotic promoters and 
• accompanying genetic signals may not be recognized in or may not function in a 

15 procaryotic system, and, further, procaryotic promoters are not recognized and do not 
function in eucaryotic cells, 
i Similarly, translation of mRNA in procaryotes depends upon 

the presence of the proper procaryotic signals which differ from those of eucaryotes. 
Efficient translation of mRNA in procaryotes requires a ribosome binding site called 

20 the Shine-Dalgarno ("SD") sequence on the mRNA This sequence is a short 

nucleotide sequence of mRNA that is located before the start codon, usually AUG, 
which encodes the ammo-terminal methionine of the protein. The SD sequences are 
complementary to the 3 '-end of the 16S rRNA (ribosomal RNA) and probably 
promote binding of mRNA to ribosomes by duplexing with the rRNA to allow correct 

25 positioning of the ribosome. For a review on maximising gene expression, see 
Roberts and Lauer, Methods in Enzvmologv. 68:473 (1979), which is herefcy 
incorporated by reference. 

Promoters vary in their "strength" (i.e. their ability to promote 
transcription). For the purposes of expressing a cloned gene, it is desirable to use 

30 strong promoters in order to obtain a high level of transcription and, hence, 

expression of the gene. Depending upon the host cell system utilized, any one of a 
number of suitable promoters may be used. For instance, when cloning in E. coli, its 
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bacteriophages, or plasmids, promoters such as the 17 phage promoter, lac promoter, 
trp promoter, reck promoter, ribosomal RNA promoter, the Pr and P L promoters of 
coKphage lambda and others, including but not limited, to facUVS, ompF, bla, Ipp, 
and the like, may be used to direct high levels of transcription of adjacent DNA 

5 segments. Additionally, a hybrid trp-lacUV5 (tad) promoter or other E. coti 

promoters produced by recombinant DNA or other synthetic DNA techniques may be 
used to provide for transcription of the inserted gene. 

Bacterial host cell strains and expression vectors may be chosen which 
inhibit the action of the promoter unless specifically induced In certain operations, 

10 the addition of specific inducers is necessary for efficient transcription of the inserted 
DNA. For example, the lac operon is induced by the addition of lactose or BPTG 
(isopropylthio-bete-D-galactoside). A variety of other operons, such as trp,pro 9 etc., 
are tinder different controls. 

Specific initiation signals are also required for efficient gene 

IS transcription and translation in procaryotic cells.-. These transcription and translation 
initiation signals may vary in "strength" as measured by the quantity of gene specific 
messenger RNA and protein synthesized, respectively. The DNA expression vector, 
which contains a promoter, may also contain any combination of various "strong" 
• transcription and/or translation initiation signals. For instance, efficient translation in 

20 £ calx requires an SD sequence about 7-9 bases 5* to the initiation codon ("ATG") to 
provide a ribosome binding site. Thus, any SD-ATG combination that can be utilized 
by host cell ribosomes maybe employed Such combinations include but are not 
limited to the SD-ATG combination from the cro gene or the N gene of coliphage 
lambda, or from the E. coli tryptophan E, D, C, B or A genes. Additionally, any SD- 

25 ATG combination produced by recombinant DNA or other techniques involving 
incorporation of synthetic nucleotides may be used. 

Once the isolated DNA molecule encoding the hypersensitive response 
elicitor polypeptide or protein has been cloned into an expression system, it is ready 
to be incorporated into a host cell. Such incorporation can be carried out by the 

30 various forms of transformation noted above, depending upon the vector/host cell 
system. Suitable host cells include, but are not limited to, plant cells as well as 
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prokaryotic and eukaryotic cells, such as bacteria, virus, yeast, mammdian, insect 

cells, and Hie like. 

The present invention further relates to methods of imparting disease 
resistance to plants, enhancing plant growth, effecting insect control and/or imparting 

5 stress resistance to plants. These melhods involve applying a hypersensitive response 
elicitor polypeptide or protein to all or part of a plant or a plant seed nnder conditions 
where the polypeptide or protein contacts all orpart of the cells ofthe plant or plant 
seed. Alternatively, the hypersensitive response elicitor protein or polypeptide canbe 
applied to plants such that seeds recovered from such plants themselves are able to 

10 impart disease resistance in plants, to enhance plant growth, to effect insect control, 

and/or to impart stress resistance. 

As an alternative to applying a hypersensitive response elicitor 
polypeptide or protem to plants or plam seeds in order to impart disease resistance in 
. plants, to effect plant growth, to control insects, and/or to impart stress resistance to 
15 the plants or plants grown from the seeds, transgenic plants or plant seeds canbe 
utilized. When utilizing transgenic plants, this involves providing a transgenic plant 
transformed with a DNA molecule encoding a hypersensitive response elicitor 
. polypepndeorprotemandgrowir^meplantundCT 

DNA molecule to impart disease resistance to plants, to enhance plant growth, to 
20 control insects, and/or to impart stress resistance. Alternatively, a transgenic plant 
seed transformed with a DNA molecule encoding a hypersensitive response elicitor 
polypeptide or protein can be provided and planted in soil. A plant is then propagated 
from the planted seed under conditions effective to permit that DNA molecule to 
impart disease resistance to plants, to enhance plant growth, to control insects, and/or 
25 to impart stress resistance. 

The method of the present invention can be utilized to treat a wide 
variety of plants or their seeds to impart disease resistance, enhance growth, control 
insects, and/or to impart stress resistance. Suitable plants include dicots and 
monocots. More particularly, useful crop plants can include: alfalfa, rice, wheat, 
30 barley, rye, cotton, sunflower, peanut, corn, potato, sweet potato, bean, pea, chicory, 
lettuce, endive, cabbage, brussel sprout, beet, parsnip, turnip, cauliflower, broccoli, 
turnip, radish, spinach, onion, garlic, eggplant, pepper, celery, carrot, squash, 
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pumpkin, zucchini, cucumber, apple, pear, melon, citrus, strawberry, grape, raspberry, 
pineapple, soybean, tobacco, tomato, sorghum, and sugarcane. Examples of suitable 
ornamental plants are: Arabidopsis thaliana, Saintpaulia, petunia, pelargonium, 
poinsettia, chrysanthemum, carnation, and zinnia. 
5 With regard to the use of the hypersensitive response elicitor protein or 

polypeptide of the present invention in imparting disease resistance, absolute 
immunity against infection may not be conferred, but the severity of the disease is 
reduced and symptom development is delayed. Lesion number, lesion size, and 
extent of sporulation of fungal pathogens are all decreased. This method of imparting 

10 disease resistance has the potential for treating previously untreatable diseases, 

treating diseases systemically which might not be treated separately due to cost, and 
avoiding the use of infectious agents or environmentally harmful materials. 

The method of imparting pathogen resistance to plants in accordance 
with the present invention is useful in imparting resistance to a wide variety of 

15 pathogens including viruses, bacteria, and fungi. Resistance, inter alia, to the 

following viruses can be achieved by the method of die present invention: Tobacco 
mosaic virus and Tomato mosaic virus. Resistance, inter alia, to the following 
bacteria can also be imparted to plants in accordance with present invention: 
Pseudomonas solancearum, Pseudomonas syringae pv. tabaci, and Xanthamonas 

20 campestrispv.pelargoniL Plants can be made resistant, inter alia, to the following . 
fungi by use of the method of the present invention: Fusarium oxysporum and 
Phytophthora infestans* 

With regard to the use of die hypersensitive response elicitor protein or 
polypeptide of the present invention to enhance plant growth, various forms of plant 

25 growth enhancement or promotion can be achieved. This can occur as early as when 
plant growth begins from seeds or later in the life of a plant For example, plant 
growth according to the present invention encompasses greater yield, increased 
quantity of seeds produced, increased percentage of seeds germinated, increased plant 
size, greater biomass, more and bigger fruit, earlier fruit coloration, and earlier fruit 

30 and plant maturation. As a result, the present invention provides significant economic 
benefit to growers. For example, early germination and early maturation permit crops 
to be grown in areas where short growing seasons would otherwise preclude their 
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growthinlhat locale. Increased percentage of seed germination results in improved 
crop stands and more efficient seed use. Greater yield, increased size, and enhanced 
biomass production allow greater revenue generation from a given plot of land. 

Another aspect of the present invention is directed to effecting any 
5 form ofinsect control for plants. For example, insect control according to the present 
invention encompasses preventing insects from contacting plants to which the 
hypersensitive response elicitor has been applied, preventing direct insect damage to 
plants by feeding injury, causing insects to depart from such plants, killing insects 
■ . proximate to such plants, interfering with insect larval feeding on such plants, 
10 preventing insects from colonizing host plants, preventing colonizing insects from 
releasing phytotoxins, etc. The present invention also prevents subsequent disease 
damage to plants resulting from insect infection. 

The present invention is effective against a wide variety of insects. 
. European com borer is a major pest of com (dent and sweet com) but also feeds on 
15 over 200 plant species including green, wax, and lima beans and edible soybeans, 
peppers, potato, and tomato plus many weed species. Additional insect larval feeding 
: pestswbichdamageawidevari^^ 

armyworm, cabbage looper, com ear worm, fell armyworm, diamondback mom, 
cabbage root maggot, onion maggot, seed com maggot, pickleworm (melonworm), 
20 pepper maggot, and tomato pinworm. . Collectively, this group of insect pests 

represents the most economically important group of pests for vegetable production 
worldwide. 

Another aspect of the present invention is directed to imparting stress 
resistance to plants. Stress encompasses any environmental factor having an adverse 
25 effect on plant physiology and development Examples of such environmental stress 
include climate-related stress (e.g., drought, water, frost, cold temperature, high 
tenmerarure, excessive Hght, and msuffi 

dioxide, carbon monoxide, sulfur dioxide, NO* hydrocarbons, ozone, ultraviolet 
radiation, acidic rain), chemical (e.g, insecticides, fungicides, herbicides, heavy 
30 metals), and nutritional stress (e.g., fertilizer, micronutrients, macronutrients). -Use of 
hypersensitive response elicitors in accordance with the present invention impart 
resistance to plants against such forms of environmental stress. 
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The method of the present invention involving application of the 



ive 



or 



variety of procedures when all or part of the plant is treated, including leaves, stems, 
roots, propagules (e.g., cuttings), etc. This may (but need not) involve infiltration of 
5 thebypersenativeresponsee^^^ SvMA * 
application methods include high or low pressure spraying, injection, and leaf 
abrasion proximate to when elicitor application takes place. When treating plant 
seeds, in accordance with the application embodiment of the present invention, the 
hypersensitive response elicitor protein or polypeptide canbe applied by low or high 
10 pressure spraying, coating, immersion, or injection. Other suitable application 
procedures canbe envisioned by those skilled in the art provided they are able to 
effect contact ofthe hypersensitive response eticitor polypeptide or protein witii cells 
oftheplantorplantseed. Once treated wim me hypersensitive response eMt» 
the present invention, the seeds can be planted in natural or artificial soil and 
15 cultivated using conventional procedures to produce plants. After plants have been 
propagated from seeds treated in accordance with the present invention, the plants 
may be treated with one or more applications of me hypersensitive response elicitor 
protein or polypeptide to impart disease resistance to plants, to enhance plant growth, 
to control insects on the plants, and/or impart stress resistance. 
20 The hypersensitive response ehator^ 

applied to plants or plant seeds in accordance with the present invention alone or in a 
rnixture with other materials. Alternatively, the hypersensitive response elicitor 
polypeptide or protein can be applied separately to plants with other materials being 

applied at different times. 

25 A composition suitable for treating plants or plant seeds in accordance 

with the application embodiment of the present invention contains a hypersensitive 
response elicitor polypeptide or protein in a carrier. Suitable carriers include water, 
aqueous solutions, slurries, ordrypowders. In this embodiment, the composition 
contains greater than 500 nM hypersensitive response elicitor polypeptide or protein. 

30 Although not required, this composition may contain additional 

additives including fertilizer, insecticide, fungicide, nematacide, and mixtures thereof 



WO 01/98501 



PCT/USO1/18820 



Suitable fertilizers include (NE^NO* An example of a suitable insecticide is 
Malathion. Useful fungicides include Captan. 

Other suitable additives include buffering agents, wetting agents, 
coating agents, and abrading agents. These materials can be used to facilitate the 
S process of the present invention. In addition, the hypersensitive response elicitor 
polypeptide or protein can be applied to plant seeds with other conventional seed 
formulation and treatment materials, including clays and polysaccharides. 

hi the alternative embodiment of the present invention involving the 
use of transgenic plants and transgenic seeds, a hypersensitive response elichor 

10. polypeptide or protein need not be applied topically to the plants or seeds. Instead, 
transgenic plants transformed with a DNA molecule encoding a hypersensitive 
response elicitor polypeptide or protein are produced according to procedures well 
• known in the art 

The vector described above can be microinjected directly into plant 

1 5 cells by use of micropipettes to transfer mechanically the recombinant DNA. 

Crossway, Mol. Gen. Genetics. 202:179-85 (1985), which is hereby incorporated by 
reference. The genetic material may also be transferred into the plant cell using 
. polyethylene glycol. Krens, et al., Nature. 296:72-74 (1982), which is hereby 
incorporated by reference. 

20* Another approach to transforming plant cells with a gene which 

imparts resistance to pathogens is particle bombardment (also known as biolistic 
transformation) of the host cell This can be accomplished in one of several ways. 
The first involves propelling inert or biologically active particles at cells. This 
technique is disclosed in U.S. Patent Nos. 4,945,050, 5,036,006, and 5,100,792, all to 

25 Sanford et aL, which are hereby incorporated by reference. Generally, this procedure 
involves propelling inert or biologically active particles at the cells under conditions 
effective to penetrate the outer surface of the cell and to be incorporated within the 
interior thereof. When inert particles are utilized, the vector can be introduced into 
the cell by coating the particles with the vector containing the heterologous DNA. 

30 Alternatively, the target cell can be surrounded by the vector so that the vector is 
carried into the cell by the wake of the particle. Biologically active particles (e.g., 
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dried bacterial cells containing the vector and heterologous DNA) can also be 
propelled into plant cells. 

Yet another method of introduction is fusion of protoplasts with other 
entities, either minicells, cells, lysosomes or other fusible lipid-surfaced bodies. 
5 Fraley, et al., Proc, Nail Acad. Sci. USA. 79:1859-63 (1982), which is hereby 
incorporated by reference. 

The DNA molecule may also be introduced into the plant cells by 
electroporation. Fromm et al., Proc, Natl. Acad. Sci. USA. 82:5824 (1985), which is 
hereby incorporated by reference. In this technique, plant protoplasts are 
10 electroporated in the presence of plasmids containing the expression cassette. 
Electrical impulses of high field strength reversibly penneabilize biomembranes 
allowing the introduction of the plasmids. Electroporated plant protoplasts reform the 
cell wall, divide, and regenerate. 

Another method of introducing the DNA molecule into plant cells is to 
15 infect a plant cell with Agrobacterium tumefaciens or A. rhizogenes previously 

• transformed with the gene. Under appropriate conditions known in the art, the 
transformed plant cells are grown to form shoots ox roots, and develop further into 
plants. Generally, this procedure involves inoculating the plant tissue with a 
suspension of bacteria and incubating the tissue for 48 to 72 hours on regeneration 

20 medium without antibiotics at 25-28°C. 

Agrobacterium is a representative genus of the gram-negative family 

• Khizobiaceae. Its species are responsible for crown gall (A. tumefaciens) and hairy 
root disease (A. rhizogenes). The plant cells in crown gall tumors and hairy roots are 
induced to produce amino acid derivatives known as opines, which are catabolized 

25 only by the bacteria. The bacterial genes responsible for expression of opines are a 
convenient source of control elements for chimeric expression cassettes. In addition, 
assaying for the presence of .opines can be used to identify transformed tissue. 

Heterologous genetic sequences can be introduced into appropriate 
■• plant cells, by means of the Ti plasmid of A. tumefaciens or the Ri plasmid of A. 
30 rhizogenes. The Ti or Ri plasmid is transmitted to plant cells on infection by 
Agrobacterium and is stably integrated into the plant genome. J. Schell, Science. 
237:1 176-83 (1987), which is hereby incorporated by reference. 
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After transformation, the transformed plant cells must be regenerate! 

Plant regeneration from cultured protoplasts is described in Evans et 
aL, Bfr^tfHrtglfltthMJ&U? (MacMmanPublishing Co., New York, 
1983); and Vasil LR. (ed.), gdj Culture and BomHo CgU Genetics of Plants, Acad. 
5 p I ess,Orlando,VoU^^ 
reference. 

It is known that practically all plants can be regenerated from cultured 
cells or tissues, including but not limited to, all major species of sugarcane, sugar 
beets, cotton, fruit trees, and legumes. 
1Q Means for regeneration vary from species to species of plants, but 

generally a suspension of transformed protoplasts or a petri plate containing 
transformed explants is first provided. Callus tissue is formed and shoots maybe 
induced from callus and subsequently rooted. Alternatively, embryo formation canbe 
. induced in the callus tissue. These embryos genninate as natural embryos to form 
15 plants. The culture media will generally contain various amino acids and hormones, 
such a^auxm and cytoldnins. It is also advantageous to add glutamic acid and proline 
to the medium, especially for such species as com and alfalfa. Efficient regeneration 
will depend on the medium, on the genotype, and on the history of the culture. If 
. these three variables are controlled, then regeneration is usually reproducible and 
20 repeatable. 

After the expression cassette is stably incorporated m transgenic plants, 
itcanbetransferredtoofcerpl^^^ Anyof a number of standard 

. breeding techniques can be used, depending upon the species to be crossed. 

Once transgenic plants of this type are produced, the plants themselves 
25 can be cultivated in accordance with conventional procedure with the presence of the 
gene encoding the hypersensitive response elicitor resulting in disease resistance, 
enhanced plant growth, control of insects on the plant, and/or stress resistance. 
Alternatively, transgenic seeds are recovered from the transgenic plants. These seeds 
can then be planted in the soil and cultivated using conventional procedures to 
30 produce transgenic plants. The transgenic plants are propagated from the planted 
transgenic seeds under conditions effective to impart disease resistance to plants, to 
chance plant growth, to control insects, and/or to impart stress resistance. While not 
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wishing to be bound by theory, such disease reside, grow* enhancement, insect 
control, and/or stress resistance may be RNA mediated or may result from expression. 

of the elicitor polypeptide or protein. 

When transgenic plants and plant seeds are used in accordance with the 
5 present invention, they additionally can be treated with the same materials as are used 
to treat the plants and seeds to which a hypersensitive response elicitor pol^ephde or 
protein is applied. These other materials, including hypersensitive response etidtora, 
canbeapphedtothetransgemcplantsandplantseedsby^ 
includmgHghorlowpressu^ and inversion. Snmlarly, 

aftephurtsbavebeenpropagat^ 

treated with one or more appUcations ofthe hypersensitive response etidtor to mmart 
disease resistance, enhance growth, control insects, and/or to impart stress resistance. 
Such plants may also be treated with conventional plant treatment agents (e.g., 
insecticides, fertilizers, etc.). 
15 EXAMPLES 

Example!- Bacterial Strains and Plasmids 

Escherichia coli DH5 and BL21 were purchased from Gfoco BRL 
(Rockville, MD) and Novagen (Madison, Wl) respectively. 

pET28 plasmids were fromNovagen (Madison, Wl). 
Mrestriction enzymes (e.g^ 
intestinal alkaline phosphatase (CIP), and PCR reagents were from Gibco BRL 

25 (Rockville, MD). 

OUgonucleotides were synthesized by Lofstrand Labs Ltd 

(Gaithersburg, MD). 

Chemically synthesized polypeptides were synthesized by Bio- 
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Synthesis (Lewisville, TX). 

gemote 2 - Constrnction of Truncated Gene Encoding Harpin 

Fragments of genes eroding harpin proteins were constructed in 
p ET28 vector and expressed in E. coli as follows; 
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1. HrpN fragments were PCR amplified from the pCPP2139 
plasmid (Cornell University, Ithaca, NY) and cloned into 
pET28 vector. 

2. HipZ fragments were PCR amplified from the pSYHIO 
5 plasmid (Cornell University, Ithaca, NY) and cloned into 

pET28 vector. 

3. Pop A fragments v/ere PCR amplified from the pBS: mop A 
plasnud(a>meuUnive^^ 

pET28 vector. 

1Q 4# . HrpW fragments were PCR amplified from the pCPP1233 

. plasmid (Cornell University, Ithaca, NY) and cloned into 

pET28 vector. 

All truncated fragments v/ere amplified by PCR with full length harpin 

DNA as the template. 
15 oUgonncleotidescorrespondmgtotoetnmcatedN-ten^ 

were started /modified with a Nde I site (which serves as an initiation codon of 
me thionine (ATG)). Oligonucleotides corresponding to a C-tenninal sequence 
contained a UAA stop codon followed by a Hind III site. 

PCR was carried in a 0.5 ml tube with GeneAmpTM 960O and 9700 
20 (PEAppUedBiosystems.Branchbnrg.New Jersey). 45 pi of Superb™ (Gibco 
BRL, Rockville, MD) was mixed with 20 pmoles of each pair of DNA primers, 10 ng 
offuUlengtoharpmDNAand^ After heatmg 

• thenfixtureat95°Cfor2min.PC^wasperforme^ 
58'CforlniiiLand72-Cforl.5nun. Amplified DNAs were purified with QIAqmck 
25 PC Rpurnlcationkit(QIAGEN^^ 

at 37'C for 5 hours, extracted once with phenol:chloroform:isoamylalcohol (25.24:1), 
andprecipitatedwithemanoL 5 ^ of pET28(b) vector DNA was digested with 
15 units of Nde I and 20 units of Hind HI at 37*C for 3 hours followed with calf 
intestinal alkaline phosphatase treatment for 30 nfin. at 37*0 to reduce foe b^ 
30 resulting from incomplete single enzyme digestion. Digested vector DNA was 
purified wifofoeQIAquickPCRpurificationkit and directly used for ligation. 
Ligation was carried at 14'C for 12 hours in a 15 ,il nuxtorecontidningaboutSOto 
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100 ng of digested pET28(b), 10 to 30 ng of targeted PGR fragments, and 1 unit of T4 
DNA ligase. 5 pi of ligation solution was added to 100 pi of DH5<x/XLl-Biue 
competent cells, placed in 15 ml Falcon tube, and incubated on ice for 30 mm. After 
heat shock at 42*C for 45 seconds, 0.9 ml SOC solution (20 g bacto-tryptone, 5 g 
5 bacto-yeast extracts, 0.5 g NaCl, 20 mM glucose in one lite) was added into the tube 
and incubated at 3 7*C for 1 hour. 20 pi of transformed cells were plated onto LB agar 
plate with 30 pg/ml of kanamycm and incubated at 37*C for 14 hours. Single 
colonies were transferred to 3 ml LB-media and incubated overnight at 37*C. Plasmid 
DNA was prepared in a 2 ml culture with QIAprep Miniprep kit according to the 
10 manufacture's instruction. The DNA sequence of truncated harpin constructions was 
verified with restriction enzyme analysis and sequencing analysis. Plasmids with the 
desired DNA sequence were transferred into the BL21 strain with a standard chemical 
- transformation method as indicated above. 

15 Example 3 - Expression of Proteins 

A single clone of E. coli with a constructed gene was grown overnight 
at 37°C in LB with kanamycin. A proper amount of overnight culture was transferred 
to 50 to 500 ml LB and incubated at 37*C until OD600 reached 0.5 to 0,8. ITPG was 

20 added to the culture which was further incubated at room temperature fox a period of 
5 hour to overnight. Alternatively, a proper amount of overnight culture was 
transferred to 50 to 500 ml of Vi TB with lactose medium (6 g bacto-trypton, 12 g 
bacto-yeast extract, 75 g lactose in one lite). After incubation at 37*C until the 
OD600 reached 0.5 to 0.8, the culture was incubated at room temperature for a period 

25 of 5 hours to overnight 

All bacterial cells were harvested by centrifugation and resuspended in 
1:5 TE buffer (1 0 mM Tris, pH 8 . 5 and 1 mM EDTA). The cells were disrupted by 
sonication and clarified by centrifugation. Supematants were then infiltrated into 
tobacco leaves for HR testing. 

30 Heat treatment (i.e. boiling for 1 to 10 min.) was used to achieve 

further purification. 

All truncated fragments of genes encoding harpin protein woe 
expressed in E. colil BL-21, DE3 strain with an N-teiminal His-tag and 20 to 21 
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amino acid residues generated from the expression vector sequence. TheHis-tag 
sequence did not affect the HR activity of the proteins. In some cases, Ni- Agarose 
beads were added into supernatant solution aM rnixed at 4*C to room temperature for 
aperio4of30rum. to overnight The proteins bound to the Ni-Agarose beads were 
5 washed hy 0.1 M imidazole buffer, and proteins were elutedwith0.6to 1.0M 
imidazole. After dialysis against 10 mM Tris, pH 8.5 buffer, the proteins were 
infiltrated into tobacco leaves for HR testing. 

Forproteins expressed in E. coli that were difficult to dissolve in 
. water, total cells were resuspended and sonicated in 8 M urea buffer (O.lMNa- 
pbosphate, 10 mM Tris buffer, P H8.0). The total cell lysate was centrifuged, and 
supematants were collected. Ni-agarose was added into the supernatant* and mixed 
g enayatroomtempemturefor30min. The Ni-agarose resin was washed with buffer 
(SMurea.O.lMNa-phospliate.lOnrMTrisbuffer.pHeJ). The proteins were eluted 
withelutionbnffer (SMurea, 0.1 MEDTA, 0.1 MNa-phosphate, 10 mM Tris buffer, 
pH 6.3) and dialyzed against buffer (pH 8.5, 10 mM Tris) with stepwise decreased 
urea. If the proteins still were insolublein buffer, the solution pH was adjusted to 9 to 
11 and sonicated at room temperature for 1 to 5 mim 

Chemically synthesized polypeptides were dissolved in 1 0 mM Tris, 
pH 6.5 to 11 buffers depending on meir solubility. 

A hypersensitive response ("HR") assay was performed by infiltration 
of 0.1 to 0.3 ml of serial diluted protein solutions into tobacco leaves (cv. Xanm). All 
HR data shown in these examples were recorded from 48 hours after infiltration. 

Example 4 - Quantification of Proteins 

All expressed proteins were checked withpre-cast 4-20% SDS 
polyacrylamide gel electrophoresis (SDS-PAGE) from No vex (SanDiego, CA). 
After electrophoresis, the gel was stained with CoomasssieR-250 solution (0.1% 
Coomassie R-25 0, 1 0% Acetate Acid, 40% ethanol) for 1 to 4 hours and distained 
with distaining solution (8% acetate acid and 25% ethanol) overnight The density of 
corresponding bands were compared to standard proteins, which were either 
purchased ftomNovex or were from quantitative standard harpin protein produced by 
Eden Bioscience (BothelL Washington). 
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Examples * Classification of Harpin Proteins 

Since harpin proteins share common biochemical and biophysical 
5 characteristics as well as biological functions, based on their unique properties, HR 
elicitors from various pathogenic bacteria should be viewed as belonging to a new 
protein family— i.e. the harpin protein family. The harpin protein can be classified 
into at least four subfamilies based on their primary structure and isolated sources. As 
set forth in Table 1, those subfamilies are identified by the designation N, W, Z, A, 
10 etc. 

Table 1 - Subfamilies of Harpin Proteins 



Hatpin 
proteins 


Isolated Source 


Classified 
Subfamily 


I* 


Amino 
acids 


Heat 
stable 


Core 
structure 


HrpNa 


E. amylovora 


N 


4.42 


403 


Yes 


No 


HrpN** 


E. chrysanthemi 


N 


6.51 


340 


Yes 


No 


HrpN^ 


E. carotovora 


N 


5,82 . 


356 


Yes 


No 




E. stewartii 


N 


N/A 


N/A 


Yes 


No 
















HipWp„ 


P. syringae 


W 


4.43 


424 


Yes 


No 


HrpW* 


E. amylovora 


w 


4.46 


447 


Yes 


No 
















HrpZ*, 


P. syringae 


z 


3.95 


341 


Yes 


No 
















PopAl 


Hsohmacearum 


A 


4.16 


344 


Yes 


No 
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Example 6 - Analysis of the Structural Units of an HR Domain 

The sequence of amino acids that alone could elicit a hypersensitive 
response in plants (i.e. HR domains) has been investigated in different ways. It was 

20 reported that a carboxyl-tenninal 148 amino acid portion of HrpZpn is sufficient and 
necessary for HR (He et aL, "Pseudomonas Syringae pv, Syringae Harpin^: A 
Protein that is Secreted via the Hip Pathway and Elicits the Hypersensitive Response 
in Plants," Cell 73:1255-1266.(1993), which is hereby incorporated by reference). 
With truncated HrpZ fragments, it was determined that an N-tenninal 109 amino 

25 acids and C-tenninal 216 amino acids of HrpZp B , respectively, were found to elicit 
HR (Alfano et aL, "Analysis of the Role of the Pseudomonas Syringae pv. Syringae 
HrpZ Harpin in Elicitation of the Hypersensitive Response in Tobacco Using 
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FunctionallyNcm-polarhipZDeletioBMutations, Truncated BpZ Fragments, and 
Wl ^^hytadaB 19:715-728 (1996), wbichishereby 
incorporated by reference). Jin et al, "A Truncated Fragment of Harpin^ Induces 
SysternicResistancetoXanthomonas campestrispv. OryzaeinRice "teioloacai 

5 gndJSolec^^ 

reference, reported that a truncated HrpZ*, with an N-terrninal of 137 amino acids 
elicited ahypersensitrvereaponse intobacco and induced systemic acquired resistance 
(i.e.SAR)inrice. After digestion with protease, a hypersensitive response active 
fragment ofHrpNai was isolated and found to span amino acids 1 37 to 204 of 
HrpN*. It was found that a 98 residue of N-terminal HrpNE. fragment was the 
smallest bacterially produced peptide that displayed HR-diritmg activity (Uby, 
"Molecular Studies on Interactions Between Erwinia Amylovora and its Host and 
Non-host Plants," Doctoral Thesis in Cornell University (1997), which is hereby 

incorporated by reference), 

A series of HrpNE. fragments have been generated with His-tag fusion 
at foeN-tenrrinal of the polypeptides and a polypeptide (HrpNB.137180), located at 
position of 137 to 180 amino acid residue of HrpN*. was identified to elicit HR 
activity in tobacco. 
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Examp le 7 - Analysis of Secondary Structure of HRDomaina 

The DNA and primary protein sequence of the HrpNB.137180 show no 
anyhomologues among other hypersensitive response ehcitors. 

Analyses of the secondary structure of the fragment of HrpNB.137180 
revealed, with the aid of the computer program Clone Manger5 (Scientific & 
Educational Software, Durham, NQ, that there was a beta-form, a beta-turn, and 
unordered forms. One typical a-helical segment ofresidues at 157-170 was foundin 
theHrpNEal37180polypeptide: To determme foe function of th* 
polypeptides with a disrupted a-helical structure were generated and hypersensitive 
response results were evaluated. As shown in Table 2, a complete alpha-helix umt(H 
unit), probably with a length greater than 1 2 arnino acid residues, is need for 
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Table 2 - Effect of Alpha-helix Structure 
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The a-helical unit plays an important role in hypersensitive response 
activity, however, it was found that an cc-helix unit alone did not achieve HR 

(Table 3). . . 

Therefore, hypersensitive response eliciting domains contain more than 

one structure unit Besides the core a-heUcal unit, there is an acidic unit that has no 
typical secondary structure feature but is rich in acidic amino acids. This relaxed 
structure, having a sheet and random turn, is designated as an acidic unit (A untt). 

Although the acidic unit is important in achieving a hypersensitive 
response, it alone, like the a-helical unit alone, did not ehdt a hypersensitive 

reSPOTSe ' A synthetic polypeptide, HrpNE.140176, that included both A and H 
structure, spanning amino acids 140 to 176 of ftp**, gave full activity of HR. 
Sequence analysis by major search engines revealed no global primary sequence 
Parity in the databases to HrpNB.140176, even among the harpm protein fennhea. 
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Table 3 - Effect of Acidic Unit on Hypersensitive Response (HR) Activity 



Fragment name 1 


Amino acid 


HR* 


Structure 
(Aorffi** 


Source 


HipNe.140176 


140-176(37) 
pl«3.17 


+ 

<5 UE/ml 


A+H 


Synthesized 
peptide 


HipNEil57170 


157-170(14) 
pi -654 




H 


Synthesized % 
peptide 


HipNEal37156 


137-156(20) 
pi - 2.67 




A 


Synthesized 
peptide 
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Example 8 - Hypersensitive Response Domain Structure of HrpNE* 

Four a-helical regions with at least 12 amino acid residues were found 
in HrpNea based on computer analysis with the program Clone Manager 5 (Scientific 
5 & Educational Software, Durham, NC), which predicts the secondary structure of 
protein from the primary sequence by the method of Gamier-Osguthoipe-Robson. 

It is believed that a hypersensitive response domain includes two 
structural units, the <x-helix(H) and the acidic unit (A). Another hypersensitive 
response domain, spanning amino acids 43 to 70 in HrpNEa, was found. A minimal 

10 sequence of 12 to 14 AA residues of both the H and A units is believed to be needed 
The chemically synthesized polypeptide of HrpNEa4370 gave full HR activity in 
tobacco. Thus, a second HR domain has been discovered based on purely secondary 
structure analysis and prediction. 

To further test the hypothesis that the A and H units are needed to 

15 achieve a hypersensitive response, an approach of unit exchange (i.e. swapping an 
acidic unit from one HR domain to another HR domain) was designed. A polypeptide 
of HrpNEaDswap, which consisted of the acidic unit of a hypersensitive response 
domain (HrpN£al40176), spanning amino acids 136 to 156 of HrpNEa, and the 
a-helical unit of another hypersensitive response domain (HrpNEa4370), spanning 

20 amino acids 57 to 70 of HrpNEa, was chemically synthesized This polypeptide 
swapped two structural units of A and H between two hypersensitive response 
domains of HrpNE«4370 and HrpNBtl40176. The HrpNEaDswap gave a 
hypersensitive response activity in tobacco (Table 4). This result shows that the 
structural characteristic of an HR domain determines its activity, and structural 

25 analysis can be used to determine hypersensitive respdnse activity. 



Table 4 - Two Structural Units Determine Hypersensitive Response Activity 





Annuo acid 


HR 


Structure Type 


Source 


ttpNa4370 


43-70(28) 
pi* 3.09 


+ 

<5 |ig/ml 


A+H 


Synthesized 
peptide 
Partial soluble 


HipN^Dswap 


HrpM36156(A)4- 

HipN5770(H) 

pM.67 


<20 jig/ml 


A unit from 

HTPNE.140176 + 

H unit from HrpNtf4370 


peptide 
Partial soluble 
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EsaffiEleS- Prediction of Hypersensitive Response Domains Among Proteins 
in Harp in Family 

5 Tnesecondary structure which indicates the presenceofa 

hypersensitive response domain in HrpNEa was used to identify other harpin proteins, 
mcludingproteins classified as different subfamilies. Structural prediction of a 
hypersensitive response domain among harpin proteins was carried according to 

10 following criteria: 

1. There are two structural units in a hypersensitive response 

domain, including: 

a. A stable a-helix unit with 12 or more amino acids in 
length and 

15 b . An hydrophUic, acidic unit with 12 or more amino acids 

in length which could be a beta-form, a beta-turn, and 
unordered forms. 

2. The pi of a hypersensitive response dcmrain should be acidic 

and, in general, below 5. 
2Q 3. TherrmumalsiKofanHRdomamisrromabom 

residues. 

Putative HR domains have been identified to fit the criteria by 
computer analysis among harpin protein family (Table 5). 
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Table 5 - Predication of Hypersensitive Response Domains Among Harpin 

Proteins ' 1 



HR domain 


Isolated Source 


Predicted region* 


Pi 


Structure 


HrpN^l 


E. amylavora 


43-70 


3.09 


A+H 


HrpNEt-2 1 


E. amylovora 


140-176 


3.17 


A+H 




E. chrysanihemi 


78-118 


5.25 


A+H 


HrpNfidi-2 


E. chrysanthemi 


256-295 


4.62 


A+H 




E, carotovora 


25-63 


4.06 


A+H 


HipN^ 


E. carotovora 


101-140 


3.00 


A+H 














P. syringae 


52-96 


432 


A+H 




E. amylovora 


10-59 


4.53 


A+H 












HipZ^l 


P. syringae 


97-132 


3.68 


A+H 


HrpZ^-2 


P. syringae 


153-189 


3.67 


A + H 


HrpZp.,-3 


R syringae 


271-308 


3.95 


A+H 












PopAWl 


R.solanacearum 


92-125 


3.75 


A+H 


PopAV2 


Hsolanacearum 


206-260 


3.62 


A+H 



5 * Amino acid residue position 



Example 10 - Hypersensitive Response Activity of Select Synthesized 
Polypeptides 

10 

Polypeptides were produced by expression in either 2?. coli or by 
chemical synthesis. Based on prediction of solubility and stability of a particular 
peptide, in some cases, a broader region of AA residues in addition to the essential 
units were also synthesized to increase solubility of the peptides. The identification of 
15 HR domains among four subfamilies of harpin protein demonstrated this (Table 6). 
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Table6- 



olypeptides 



HR domain 


Isolated Source 


Synthesized 
region 


Pi 


Source 


HR activity 




E. amylovora 


43-70 


3.09 


Chemical 
Svnthcsized 




HipNfii-2 


E. amylovora 


140-176 


3.17 
X53 


Chemical 
Synthesized 

Exoli expressed 


+ <5 jigM 
+ <5ugtail 


HrpWEa-2 
HipZp.,-1 
HrpZftrl 


Jg. amylovora 
P. syringae 
P.syringae 


10-59 

97-132 

153-189 


3.68 
3.69 


Chemical 
Synthesized 
E.coH expressed 


+ <20|ig/ml 
+ < 5 UK/ml 


PopAWl 
PopAliu-2 


R. solanacearum 
R. solanacearum 


92-125 
206-260 


3.75 
1 3.62 


Chemical 
Synthesized 
"B.coli expressed 


+ <5 ng/ml 
t +<5 ngtol ~ 



5 Exanmlell- Constraction of Hypersensitive Response Domains in a Protein 
Expression Cassette 

Polypeptides with a hatpin protein hypersensitive response domain 
were expressed in Eco/i. PCR was used to amplify desired areas of genes encoding 
10 harpin proteins and cloned into an expression vector, e.g. pET28a. ApairofPCR 
primers with unique flanking sequences were designed to create a universal 
expression cassette, as shown in Figure 1, for expression of augment of hatpin 
protein. Each amplified DNA fragment has a protein translation start codon of ATG 
in a restriction enzyme Nde I site which might add an extra amino acid of methionine 
15 intoapolypeptide. Each ampltfed DNA fragmemh^ 

codon ofTAA Each amplified fragment contained two restriction enzyme sites of 
EcoR V and Smal, which gave 4 extra in-frame amino acids expressed as Pro-Gty at 
the N-terminal and Asp-Ile at the C-terminal, respectively. Those two sites are 
essential to allow two or more expression cassettes to be linked in a specific order and 
20 in frame wim a minimum number of amino acids being introduced. Cassette A was 
first digestedby EcoR V, ligated to cassette B, and digested with Smal to produce a 
new expression cassette C which coupled the two fragments together with two extra 
amino acids 0* Asp-Gly), which are common amino adds in hypersensitive 
response domains. The newly formed cassette C still contained the same 5' and 3' 
25 flanking sequences as original cassettes A and B and maintained the ability to be 
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coupledby another cassette. Bgl II and Bam HI sites in the cassette permit^ 
cassette to be linked in rrame into a cancatomer with a correct orientation. The 
strategy is that digestion of DNA with Bgl II and Bam HI results in compatible ends 
that would be ligated with each other but could not be cutby either enzymes after 

5 ligation. For example, a DNA fragment encoding a hypersensitive response domain 
in a cassette could be digested by restrictions enzymes of Bgl H and Bam HI 
separately, digestedDNA fragments could be ligated in a ligation solution also 
including both Bgl B and Bam HI enzymes, any ligated ends with Bgl H or Bam HI 
sites could be digestedby the enzymes, and only those ligated sites betweenBglH 

10 and Bam HI could remain. 

ttxanroleU - BuBdmg Blocks for Creating Superharpins that have Higher 
Biological Efficacy 

15 Hypersensitive response domains were identified and isolated from 

several harpin proteins. With the combination of those HR domains, new 
polypeptides (i.e. snperharpins) that have higher HR potency and have enhanced 
ability to induce disease resistance, impart insect resistance, enhance growth, and 
achieve environmental stress tolerance. Superharpins could be one HR domain repeat 

20' units (cancatomer), different combinations of HR domains, and/or biologically active 
• domains from other ehcitors. Part of the domains from different harpm proteins and 
other elicitors were constructed into the universal expression cassette as shown on 
Example 11 and designated as superhammbuUding blocks. Table 7 fists some 
snperharpin building blocks which were expressed in pET-28a(+) vector with a 

25 His-tag sequence at their N-tenninaL 
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Table 7 - Superharpin Building Blocks including pET-28a(+) his-tag Leader 

Sequence 



Domain 
Sequence 


Source 


MW(kDa) 


#a,a. 


Pi 


Soluble 


(Structurally) 
Heat Stable 




Dr.— knfi \ac 


in £0 




0.4o 


xes 


Yes 


<%) 


HrpNEa40-80 


6.754 


68 


6.78 


N/A 


N/A 


(Nvk 


Dimer of HrpNBa40-80 


10.84 


111 


6.13 


N/A 


N/A 




Triplemer of HrpNEa40-80 


14.93 


154 


5.63 


N/A 


N/A 


OUi 


Tetramer of HrpNEa40-80 


19.01 


197 


4.95 


N/A 


N/A 


(N C ) 


HrpNEal40-180 


7.224 


68. 


5.01 


Yes 


Yes 


(NA 


Dimer of HrpNEal40-180 


11.78 


Ill 


3.98 


Yes 


Yes 




Triplemer ofHrpNEal40- 
180 


1634 


154 


3.72 


Yes 


Yes 




Tetramer of HrpNEal40- 
180 


20.89 


197 


3.58 


Yes 


Yes 


(Nc)w 


Cancatomer (10 repeating 
units of HrpNEal40480 


483 


455 


3.28 


N/A 


N/A 


(Nc)l6 


Cancatomer (16 repeating 
units of HrpNEal4<M80 


75.57 


713 


3.18 


N/A 


N/A 


W 


HrpWEal0-59 


7.986 


77 


6.48 


N/A 


N/A 




HrpZ90-150 


8.087 


78 


5.38 


Yes 


Yes 


1mm 


HrpZ266-308 


7.029 


70 


6.40 


Yes 


Yes 


his-tag leader 
seq. 




2.045 


19 


11.04 







5 

Example 13 - Superharpins with Stacked HR Domains and their Biological 
Activities 



There ate numerous polypeptides could be generated with different 
10 combinations of HR domains or by stacking HR domains and repeating units in order. 
Selective combination or stacking of HR domains isolated from harpin proteins or 
' other elicitors can be designed to achieve a targeted disease resistance spectrum. See 
Table 8 for superharpins prepared by stacking of HR building blocks listed on 
Table 7. All three listed superharpins (Le. SH-1, SH-2, SH-3) were constructed into a 
15 pET28(a) vector and expressed in E. coll Recombinant proteins were partially 
purified and quantified by SDS-PAGE with purified Harpin N protein as a 
quantitative standard. 
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Table 8 - Properties of Superharptas 




\ on tobacco leaves (HE), 
percentage ofTMV reduction on tobacco leaves, and plant growth enhancement with 
tomato showed that l ,rf#ihd^MteM«»^ m ' B,B » 
compared withHrpNtromS omyhvora. This also demonstrated that superharpms 
have better performance on % TMV reduction and plant growth enhancement assay. 
10 See Table 9. 

Table 9 - Biological Activities of Superharptas 




15 



Although themventionhasbeendescnWrndetaUfortheputpo 
illustration, it isunderstoodlhat such detailis solely for that purpose, and variations 
can be made therein by those skilled in the art without departing fiom the spirit and 
scope of the invention which is defined by the Mowing claims. 
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WHAT IS CLAIMED: 

1. An isolated hypersensitive response elicitor protein comprising 
an isolated pair or more of spaced apart domains, each comprising an acidic portion 

5 linked to an alpha-helix and capable of eliciting a hypersensitive response in plants. 

2. A protein according to claim 1, wherein the protein is 

recombinant 

10 3. An isolated nucleic acid molecule encoding a protein according 

to claim 1. 

4. A nucleic acid molecule according to claim 3, wherein each 
domain is from a different source organism. 

15 

5. A nucleic acid molecule according to claim 3, wherein there are 
3 or more spaced apart domains. 

6. An expression vector containing a nucleic acid molecule 
20 according to claim 3 which is heterologous to the expression vector. 

7. An expression vector according to claim 6, wherein the nucleic 
acid molecule is positioned in the expression vector in sense orientation and correct 
reading frame. 

25 

8. A host cell transformed with the nucleic add molecule 
according to claim 3. 

9. A host cell transformed according to claim 8, wherein the host 
30 cell is selected from the group consisting of a plant cell, a eukaryotic cell, and a 

procaryotic celL 
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10. A host cell accoidingto claim 8, wherein the nucleic acid 
molecule is transformed with an expression system. 

11. A transgenic plant 
5 of claim 3. 

12. A transgenic plant according to claim 11, wherein the plant is 
selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 

10 cabbage, brussel sprout, heet, parsnip, cauliflower, broccoli, turnip, radosh, spmach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomatoi sorghum, and sugarcane. 

15 13. Atransgemcplam accord^ 

selected from the group consisting of Arabidops* thaluma, Saintpaulia, petunia, 

carnation, and zinni a. 



14. A tranagemcplam according to claim ll,wherem1heplantisa 

20 monocot 

15. Atransgemcplamaccordhigto 

dicot 

25 16. A transgenic plant according to claim 11, wherein each domain 

is from a different source organism 

17. A transgenic plant according to claim 11, wherein mere are 3 or 
more spaced apart domains. 

30 is. Atransgenicplantseedtransformedwimmenucldcad^ 

molecule of claim 3. 
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19. Alraisgemcplaatseedaccordmgtoclaiml8,whereinthe 
plant is selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, com, potato, sweet potato, beanpea, chicory, lettuce, endive, 
5 cabag^brussel sprouts 

onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

Qi 20. A transgenic plant seed according to claim 18, wherein the 

plant is selected from the group consisting of Arabidopsv, thaliana, Sairtpaulia, 
petunia, pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

21. A transgenic plant seed according to claim 18, wherein the 
15 plant isamonocot 

22. A transgenic plant seed according to claim 18, wherein the 
plant is a dicot 

2Q 23. A method of imparting disease resistance to plants comprising: 

applying a protein according to claim 1 to a plant or a plant seed under 
, conditions effective to impart disease resistance to the plant or to a plant grown from 
the plant seed. 

25 24. A method according to claim 23 , wherein the protein is applied 

to a plant 

25. A method according to claim 23, wherein the protein is applied 

to a plant seed and further comprising: 
30 planting the plant seed under conditions effective to impart disease 

resistance to a plant grown from the plant seeds. 
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26. A method of enhancing plant growth comprising: 

applying a protein according to claim 1 to a plant or a plant seed under 
conditions effective to enhance growth of the plants or of a plant grown from the plant 
seed. 

27. A method according to claim 26, wherein the protein is applied 

to a plant 

28. A method according to claim 26, wherein the protein is applied 

10 to a plant seed and further comprising: 

planting the plant seeds under conditions effective to enhance growth 

of a plant grown from the plant seed. 

29. A method of controlling insects comprising: 

15 applying a protein according to claim 1 to a plant or a plant seed under 

conditions effective to control insects. 

30. A method according to claim 29, wherein the protein is applied 

toaplant 

20 

31. Ametoodaccordmgtoclam29,wherem^ 

to a plant seed and further comprising: 

planting the plant seed under conditions effective to grow a plant from 

the plant seed and to control insects. 

25 

32. A method of imparting stress resistance to plants comprising: 
applying a protein according to claim 1 to a plant or a plant seed under 

conditions effective to impart stress resistance to the plant or to a plant grown from 
the plant seed. 

30 • 

33. A method according to claim 32, wherein the protein is applied 

toaplant 
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34. A method according to claim 32, wherein the protein, is applied 



toa. 

planting the plant seed under conditions effective to impart stress 
5 resistance to a plant grown from the plant seed. 

35. A method of imparting disease resistance to plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 
10 planting the transgenic plant or transgenic plant seed under conditions 

effective to impart disease resistance to the plant or to a plant grown from the plant 
seed. 

36. A method according to claim 35, wherein a transgenic plant is 

15 provided. 

37. A method according to claim 35, wherein a transgenic plant 
. seed is provided. 

20 38. A method of enhancing growth of plants comprising: 

providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to enhance growth of the plant or of a plant grown from the plant seed. 

39. A method according to claim 38, wherein a transgenic plant is 

provided. 

40. A method according to claim 38, wherein a transgenic plant 
30 seed is provided. 

41. A method of controlling insects comprising: 
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. providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 

, planting the transgenic plant or transgenic plant seed under conditions 
effective to control insects on the plant or on a plant grown from the plant seed. 

5 42. A method according to claim 41, wherein a transgenic plant is 

provided. 

43. A method according to claim 41, wherein a transgenic plant 
10- seed is provided. 

44. A method of imparting stress resistance to plants comprising: 
providing a trans genie plant or transgenic plant seed containing the 

. nucleic add according to claim 3 and 
15 planting the transgenic plant or transgenic plant seed under conditions 

effective to impart stress resistance to the plant or to a plant grown from the plant 
seed. 

45. Amemodac< OT dingtoclaim44,wherematransgemcplam 

20 provided. 

46. A method according to claim 44, wherein a transgenic plant 
seed is provided. 

25 47. An isolated hypereensitive response elicitor protein comprising, 

in isolation, a domain comprising an acid portion linked to an alpha-helix and capable 
of eliciting a hypersensitive response in plants. 

48. A protein according to claim 47, wherein the protein is 

30 recombinant 
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49. An isolated nucleic acid molecule encoding a protein according 



to claim 47. 



50. An isolated nucleic acid molecule according to claim 49, 
5 wherein there are at least 2 domains, each from a different source organism, 

51. An isolated nucleic acid molecule according to claim 49, 
wherein there are 3 or more coupled domains. 

10 52. An expression vector containing a nucleic acid molecule 

according to claim 49 which is heterologous to the expression vector, 

53. An expression vector according to claim 52, wherein the 
nucleic acid molecule is positioned in the expression vector in sense orientation and 

15 correct reading frame. 

54. A host cell transformed with the nucleic acid molecule 
according to claim 49. 

20 55. A host cell transformed according to claim 54, wherein the host 

cell is selected from the group consisting of a plant cell, a eukaryotic cell, and a 
prokaryotic celL 

56. A host pell according to claim 54, wherein the nucleic acid 
25 molecule is transformed with an expression system. 

57. A transgenic plant transformed with the nucleic acid molecule 

of claim 49. 



30 58. A transgenic plant according to claim 57, wherein the plant is 

selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 



WO01/98501 PCT/DS01/18820 

! I 

-67- 

cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

5 

59. A transgenic plant according to claim 57, wherein the plant is 
selected from the group consisting of Arabidopsis ihaliana, Saintpaulia, petunia, 
pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

10 60. A transgenic plant according to claim 57, wherein the plant is a 
monocot 

61. A transgenic plant according to claim 57, wherein the plant is a 

dicot 

15 

62. A transgenic plant according to claim 57, wherein there are at 
least 2 coupled domains, each from a different source organism. 

63. A transgenic plant according to claim 57, wherein there are 3 or 
20 more coupled domains. 

64. A transgenic plant seed transformed with the nucleic acid 
molecule of claim 49. 

25 65. A transgenic plant seed according to claim 64, wherein the 

plant is selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 
cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 

30 apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 
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66. A transgenic plant seed according to claim 64, wherein me 
plant is selected from the group consisting ofArabidopsis thaliana, Saintpaulia, 
petunia, pelargonium, poinsettia, chrysanthemum, carnation, and zmma. 

5 67. Atransgemcplantseedaccordii^^ 

plant is a monocot 

68. Atraiisgemcplantseedaa»rdingtoclaimW,wher^ 
plantisadicot 

10 69 . A method of imparting disease resistance to plants conmrising: 

applying a protein according to claim 47 to a plant or a plant seed 
under conditions effective to impart disease resistance to the plant or to a plant grown 



15 70. A method according to claim 69, wherein the protein is applied 

toaplant 

71. A method according to claim 69, wherein the protein is applied 

20 to a plant seed and further comprising: 

planting the plant seed under conditions effective to impart disease 

resistance to a plant grown from the plant seed. 

72. Amemodofenhancmgplantgrowmcornprising: 

25 applying a protein according to claim 47 to a plant or a plant seed 

under conditions effective to enhance growmofme^ 

plant seed. 

73. Amefhod accordingto claim 72, wherein the protein is applied 

30* toaplant 
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74 A method according to claim 72, wherein the protein is applied 

toai 



. planting the plant seed under conditions effective to enhance growth of 
a plant grown from the plant seed. 

5 

75. A method of controlling insects comprising: 
applying a protein according to claim 47 to a plant or a plant seed 
undo- conditions effective to control insects. 

10 76. A method according to claim 75, wherein the protein is applied 

. toaplant 

77. A method according to claim 75, wherein the protein is applied 



tos 

15 planting the plant seed under conditions effective to grow a plant from 

the plant seed and to control insects. 

78. A method of imparting stress resistance to plants comprising: 
applying a protein according to claim 47 to a plant or a plant seed 

20 under conditions effective to impart stress resistance to the plant or to a plant grown 
from the plant seed. 

79. A method according to claim 78, wherein the protein is applied 

. toaplant 

25 

80. A method according to claim 78, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed tinder conditions effective to impart stress 
resistance to a plant grown from the plant seed. 

30 

81. A method of imparting disease resistance to plants comprising: 
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providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to impart disease resistance to the plant or to a plant grown from the plant 
5 seed 

82. A method according to claim 81, wherein a transgenic plant is 

provided. 

10 . 83. A method according to claim 81, wherein a transgenic plant 

seed is provided. 

84. A method of enhancing growth of plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

15 nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to enhance growth of the plant or of a plant grown from the plant seed. 

85. A method according to claim 84, wherein a transgenic plant is 

20 provided. 

86. A method according to claim 84, wherein a transgenic plant 
seed is provided. 

25 87. A method of controlling insects comprising: 

providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to control insects on the plant or on a plant grown from the plant seed. 

30 

88. A method according to claim 87, wherein a transgenic plant is 

provided. 
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89. A method according to claim 87, wherein a transgenic plant 
seed is provided. 

5 90. A method of imparting stress resistance to plants conrorising: 

providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to impart stress resistance to the plant or to a plant grown from the plant 
10 seed. 

91. A method according to claim 90, wherein a transgenic plant is 

provided. 

► 

15 92. A method according to claim 90, wherein a transgenic plant 

seed is provided. 
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SEQUENCE LISTING 
<110> Eden Bioscience Corporation 

<120> HYPERSENSITIVE RESPONSE ELICITING DOMAINS AND USE 
THEREOF 

<130> 21829/82 

<140> 
<141> 

<150> 60/212 , 211 
<151> 2000-06-16 

<160> 18 

<170> Patentln Ver. 2.1 

<210> 1 
<211> 338 
<212> PRT 

<213> Erwinia chrysanthemi 

Met^n He Thr lie Lys Ala Hla He Gly Gly Asp Leu Gly Val Ser 
1 5 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 



20 



25 



Le« Gly Ser Ser Val Asp Lys Leu Ser Ser Thr He Asp Lys Leu Thr 
35 40 45 



Ser Ala Leu 
50 



Thr Ser Met Met Phe Gly Gly Ala Leu Ala Gin Gly Leu 



55 60 



Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 ^O 75 

Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 
85 90 95 

Ser Gly Gly Asp Ala Leu Ser Lys M t Ph Asp Lys Ala Leu Asp Asp 



100 105 



Leu Leu 



Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 



115 120 



125 



1 



WO 01798501 
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Ua Ala Asn Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
130 "0 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser He Leu Gly 
145 "0 155 

Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 



165 



170 



Ala 



Gly Asn 



Gly Gly Leu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 
180 «5 I 90 

Ala lie Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 

205 



195 2 °° 

Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 
215 220 

Asp Lys Glu Asp Arg Gly Met Ala Lys Glu He Gly Gin Phe Met Asp 



Leu Ser Asn 
210 



225 



230 



Gin Tyr Pro Glu He Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 



Ser Ser 



245 250 255 

Pro Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 



Pro 



260 265 

Asp Asp Asp Gly Met Thr Gly Ala Ser Met Asp Lys Phe Arg Gin 

285 



275 



280 



Ala Met Gly Met He Lys Ser Ala Val Ala Gly Asp Thr Gly Asn Thr 

295 300 



290 



Asn Leu 
305 



Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly lie Asp Ala 
310 315 320 



Ala 



Val Val Gly Asp Lys He Ala Asn Met Ser Leu Gly Lys Leu Ala 



325 



330 



335 



Asn Ala 



<210> 2 
<211> 2141 
<212> DNA 

<213> Erwinia chrysanthemi 



2 
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r " ' ' i 1 

<400> 2 

cgattttacc cgggtgaacg tgctatgacc gacagcatca cggtattcga caccgttacg €0 
gcgtttatgg ccgcgatgaa ccggcatcag gcggcgcgct ggtcgccgca atccggcgtc 120 
gatctggtat ttcagtttgg ggacaccggg cgtgaactca tgatgcagat tcagccgggg 180 
cagcaatatc ccggcatgtt gcgcacgctg ctcgctcgtc gttatcagca ggcggcagag 240 
tgcgatggct gccatctgtg cctgaacggc agcgatgtat tgatcctctg gtggccgctg 300 
ccgtcggatc ccggcagtta tccgcaggtg atcgaacgtt tgtttgaact ggcgggaatg 360 
acgttgccgt cgctatccat agcaccgacg gcgcgtccgc agacagggaa cggacgcgcc 420 
cgatcattaa gataaaggcg gcttttttta ttgcaaaacg gtaacggtga ggaaccgttt 480 
caccgtcggc gtcactcagt aacaagtatc cat cat gat g cctacatcgg gatcggcgtg 540 
ggcatccgtt gcagatactt ttgcgaacac ctgacatgaa tgaggaaacg aaattatgca 600 
aattacgatc aaagcgcaca tcggcggtga tttgggcgtc tccggtctgg ggctgggtgc 660 
tcagggactg aaaggactga attccgcggc ttcatcgctg ggttccagcg tggataaact 720 
gagcagcacc atcgataagt tgacctccgc gctgacttcg atgatgtttg gcggcgcgct 780. 
ggcgcagggg ctgggcgcca gctcgaaggg gctggggatg agcaatcaac tgggccagtc 840 
tttcggcaat ggcgcgcagg gtgcgagcaa cctgctatcc gtaccgaaat ccggcggcga 900 
tgcgttgtca aaaatgtttg ataaagcgct ggacgatctg ctgggtcatg acaccgtgac 960 
caagctgact aaccagagca accaactggc taattcaatg ctgaacgcca gccagatgac 1020 
ccagggtaat atgaatgcgt tcggcagcgg tgtgaacaac gcactgtcgt ccattctcgg 1080 
caacggtctc ggccagtcga tgagtggctt ctctcagcct tctctggggg caggcggctt 1140 
gcagggcctg agcggcgcgg gtgcattcaa ccagttgggt aatgccatcg gcatgggcgt 1200 
ggggcagaat gctgcgctga gtgcgttgag taacgtcagc acccacgtag acggtaacaa 1260 
ccgccacttt gtagataaag aagatcgcgg catggcgaaa gagatcggcc agtttatgga 1320 
tcagtatccg gaaatattcg gtaaaccgga ataccagaaa gatggctgga gttcgccgaa 1380 
gacggacgac aaatcctggg ctaaagcgct gagtaaaccg gatgatgacg gtatgaccgg 1440 
cgccagcatg gacaaattcc gtcaggcgat gggtatgatc aaaagcgcgg tggcgggtga 1500 
taccggcaat accaacctga acctgcgtgg cgcgggcggt gcatcgctgg gtatcgatgc 1560 
ggctgtcgtc ggcgataaaa tagccaacat gtcgctgggt aagctggcca acgcctgata 1620 
atctgtgctg gcctgataaa gcggaaacga aaaaagagac ggggaagcct gtctcttt/tc 1680 
ttattatgcg gtttatgcgg ttacctggac cggttaatca tcgtcatcga tctggtacaa 1740 
acgcacattt tcccgttcat tcgcgtcgtt acgcgccaca atcgcgatgg catcttcctc 1800 
gtcgctcaga ttgcgcggct gatggggaac gccgggtgga atatagagaa actcgccggc 1860 
cagatggaga cacgtctgcg ataaatctgt gccgtaacgt gtttctatcc gccccttfcag 1920 
cagatagatt gcggtttcgt aatcaacatg gtaatgcggt tccgcctgtg cgccggcagg 1980 
gatcaccaca atattcatag aaagctgtct tgcacctacc gtatcgcggg agataccgac 2040 
aaaatagggc agtttttgcg tggtatccgt ggggtgttcc ggcctgacaa tcttgagttg 2100 
gttcgtcatc atctttctcc atctgggcga cctgatcggt t 2141 



<210> 3 
<211> 403 
<212> PRT 

<213> Erwinia amylovora 
<400> 3 

Met Ser Leu Asn Thr Ser Gly Leu Gly Ala Ser Thr Met Gin lie Ser 
1 5 10 15 



3 
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lie Gly Gly Ma Gly Gly Asn Asn Gly leu Leu Gly Thr Ser Arg Gin 
20 25 
Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 



Asn Ala 



35 



Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 

50 55 60 

Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 
65 70 " 

Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 

85 90 
Gly Leu Ser Asn Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Asn Thr 



100 



Leu Gly Ser Lys 
115 



Gly Gly Asn Asn Thr Thr Ser. Thr Thr Asn Ser Pro 



120 



125 



L eu Asp Gin Ala Leu Gly lie Asn Ser Thr Ser Gin Asn Asp Asp Ser 



130 



135 



Thr Ser Gly Thr Asp Ser Thr Ser Asp Ser Ser Asp Pro Met Gin «. 
145 150 155 

L eu Leu Lys Met Phe Ser Glu He Met Gin Ser Leu Phe Gly Asp Gly 
165 110 



Gin Asp Gly Thr 
180 



Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 



185 



190 



Gly Glu Gin Asn Ala Tyr Lys Lys Gly Val Thr Asp Ala Leu Ser Gly 
195 200 205 

Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 215 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
225 230 235 

Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 



245 



Gly Asn Ala Val Gly Thr Gly lie Gly Met Lys Ala Gly He Gin 



260 



265 
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Ala Leu Asn Asp lie Gly Thr His Arg His Ser Ser Thr Arg Sex Phe 
275 280 285 

Val Asn Lys Gly Asp Arg Ala Met Ala Lys Glu lie Gly Gin Phe Met 
290 295 300 

Asp Gin Tyr Pro Glu Val Phe Gly Lys Pro Gin Tyr Gin Lys Gly Pro 
305 310 315 320 

Gly Gin Glu Val Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser 
325 330 335 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 345 350 

Lys Ala Lys Gly Met He Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 
355 360 365 

Gly Asn Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 
370 375 380 

Ala Met Met Ala Gly Asp Ala He Asn Asn Met Ala Leu Gly Lys Leu 
365 390 395 400 



Gly Ala Ala 



<210> 4 






<211> 1288 






<212> DNA 






<213> Erwinia amylovora 


<400> 4 






aagcttcggc 


atggcacgtt 


tgaccgttgg 


gaggaatacg 


ttatgagtct 


gaatacaagt 


atcggcggtg 


cgggcggaaa 


taacgggttg 


ggtggcaatt 


ctgcactggg 


gctgggcggc 


gctggcttac 


tcaccggcat 


gatgatgatg 


ggcggtggct 


taggcggtgg 


cttaggtaat 


ggactgtcga 


acgcgctgaa 


cgatatgtta 


ggcggcaaca 


ataccacttc 


aacaacaaat 


tcaacgtccc 


aaaacgacga 


ttccacctcc 


ccgatgcagc 


agctgctgaa 


gatgttcagc 


caagatggca 


cccagggcag 


ttcctctggg 


gcctataaaa 


aaggagtcac 


tgatgcgctg 


ctccttggca 


acgggggact 


gggaggtggt 



gtcggcaggg tacgtttgaa ttattcataa 60 
gggctgggag cgtcaacgat gcaaatttct 120 
ctgggtacca gtcgccagaa tgctgggttg 180 
ggtaatcaaa atgataccgt caatcagctg 240 
atgagcatga tgggcggtgg tgggctgatg 300 
ggcttgggtg gctcaggtgg cctgggcgaa 360 
ggcggttcgc tgaacacgct gggctcgaaa .420 
tccccgctgg accaggcgct gggtattaac 480 
ggcacagatt ccacctcaga ctccagcgac 540 
gagataatgc aaagcctgtt tggtgatggg 600 
ggcaagcagc cgaccgaagg cgagcagaac 660 
tcgggcctga tgggtaatgg tctgagccag 720 
cagggcggta atgctggcac gggtcttgac 780 
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ggttcgtcgc tgggcggcaa agggctgcaa aacctgagcg ggccggtgga ctaccagcag 840 
ttaggtaacg ccgtgggtac cggtatcggt atgaaagcgg gcattcaggc gctgaatgat 900 
atcggtacgc acaggcacag ttcaacccgt tctttcgtca ataaaggcga tcgggcgatg 960 
gcgaaggaaa tcggtcagtt catggaccag tatcctgagg tgtttggcaa gccgcagtac 1020 
cagaaaggcc cgggtcagga ggtgaaaacc gatgacaaat catgggcaaa agcactgagc 1080 
aagccagatg acgacggaat gacaccagcc agtatggagc agttcaacaa agccaagggc 1140 
atgatcaaaa ggcccatggc gggtgatacc ggcaacggca acctgcaggc acgcggtgcc 1200 
ggtggttctt cgctgggtat tgatgccatg atggccggtg atgccattaa caatatggca 1260 
cttggcaagc tgggcgcggc ttaagctt 1288 

<210> 5 
<211> 1344 
<212> DKA 

<213> Erwinia amylovora 
<400> 5 

atgtcaattc ttacgcttaa caacaatacc tcgtcctcgc cgggtctgtt ccagtccggg 60 
ggggacaacg ggcttggtgg tcataatgca aattctgcgt tggggcaaca acccatcgat 120 
- cggcaaacca ttgagcaaat ggctcaatta ttggcggaac tgttaaagtc actgctatcg 180 
ccacaatcag gtaatgcggc aaccggagcc ggtggcaatg accagactac aggagttggt 240 
aacgctggcg gcctgaacgg acgaaaaggc acagcaggaa ccactccgca gtctgacagt 300 
cagaacatgc tgagtgagat gggcaacaac gggctggatc aggccatcac gcccgatggc 360 
cagggcggcg ggcagatcgg cgataatcct ttactgaaag ccatgctgaa gcttattgca 420 
cgcatgatgg acggccaaag cgatcagttt ggccaacctg gtacgggcaa caacagtgcc 480 
tcttccggta cttcttcatc tggcggttcc ccttttaacg atctatcagg ggggaaggcc 540 
ccttccggca actccccttc cggcaactac tctcccgtca gtaccttctc acccccatcc 600 
acgccaacgt cccctacctc accgcttgat ttcccttctt ctcccaccaa agcagccggg 660 
ggcagcacgc cggtaaccga tcatcctgac cctgttggta gcgcgggcat cggggccgga 720 
aattcggtgg ccttcaccag cgccggcgct aatcagacgg tgctgcatga caccattacc 780 
gtgaaagcgg gtcaggtgtt tgatggcaaa ggacaaacct tcaccgccgg ttcagaatta 840 
ggcgatggcg gccagtctga aaaccagaaa ccgctgttta tactggaaga cggtgccagc 900 
ctgaaaaacg tcaccatggg cgacgacggg gcggatggta ttcatcttta cggtgatgcc 960 
aaaatagaca atctgcacgt caccaacgtg ggtgaggacg cgattaccgt taagccaaac 1020 
agcgcgggca aaaaatccca cgttgaaatc actaacagtt ccttcgagca cgcctctgac 1080 
aagatcctgc agctgaatgc cgatactaac ctgagcgttg acaacgtgaa ggccaaagac 1140 
tttggtactt ttgtacgcac taacggcggt caacagggta actgggatct gaatctgagc 1200 
catatcagcg cagaagacgg taagttctcg ttcgttaaaa gcgatagcga ggggctaaac 1260 
gtcaatacca gtgatatctc actgggtgat gttgaaaacc actacaaagt gccgatgtcc 1320 
gccaacctga aggtggctga atga 1344 

<210> 6 
<211> 447 
<212> PRT 

<213> Erwinia amylovora 
<400> 6 



6 
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i 1 



Met Ser 
1 



He Leu Thr leu Asn Asn Asn Thr Ser Ser Ser Pro Gly Leu I 
s 10 15 



Phe Gin Ser Gly Gly Asp Asn Gly Leu Gly Gly His Asn Ala Asn Ser 
20 ' 25 30 

Ala Leu Gly Gin Gin Pro lie Asp Arg Gin Thr He Glu Gin Met Ala 
35 40 « 



Gin Leu Leu Ala Glu Leu Leu Lys Ser Leu Leu Ser Pro Gin Ser Gly 
50 55 60 



Asn 
65 



Ala Ala Thr Gly Ala Gly Gly Asn Asp Gin Thr Thr Gly Val Gly 

75 80 



70 



Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 

Gin Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 

105 11° 



100 



Asp 



Gin Ala He Thr Pro Asp Gly Gin Gly Gly Gly Gin He Gly Asp 



115 



120 



125 



Asn Pro Leu Leu Lys Ala Met Leu Lys Leu He Ala Arg Met Met Asp 

135 140 



130 



Gly 
145 



Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 



150 



155 



160 



Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 
165 170 l" 75 

Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
180 185 19° 

Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 
195 200 205 

Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 
210 215 220 

Val Thr Asp His Pro Asp Pro Val Gly Ser Ala Gly lie Gly Ala Gly 
225 230 235 240 



Asn Ser 



Val Ala Phe Thr Ser Ala Gly Ala Asn Gin Thr Val Leu His 



245 



250 



255 
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Asp Thr He Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 270 

Thr Phe Thr Ala Gly Ser Glu Leu Gly Asp Gly Gly Gin Ser Glu Asn 
275 280 285 

Gin Lys Pro Leu Phe He Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

Thr Met Gly Asp Asp Gly Ala Asp Gly He His Leu Tyr Gly Asp Ala 
305 310 315 320 

Lys He Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala He Thr 
325 330 335 

Val Lys Pro Asn Ser Ala Gly Lys Lys Ser His Val Glu He Thr Asn 
340 345 350 

Ser Ser Phe Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 
355 , 360 365 

Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
370 375 380 

Val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 
385 390 395 400 

His He Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 
405 410 415 

Glu Gly Leu Asn Val Asn Thr Ser Asp He Ser Leu Gly Asp Val Glu 
420 425 430 

Asn His Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 
435 440 445 



<210> 7 
<211> 5517 
<212> DNA 

<213> Erwinia amylovora 



<400> 7 

atggaattaa aatcactggg aactgaacac 
cctgtggggc atggtgttgc cttacagcag 
gctgcatcat tggcggcaga aggcaaaaat 
tctactgcgg ctgatggtat cagcgctgct 
ggctgtttgg ggacgaaaaa attttccaga 



aaggcggcag tacacacagc ggcgcacaac 60 
ggcagcagca gcagcagccc gcaaaatgcc 120 
cgtgggaaaa tgccgagaat tcaccagcca- 180 
caccagcaaa agaaatcctt cagtctcagg 240 
tcggcaccgc agggccagcc aggtaccacc 300 
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cacagcaaag gggcaacatt gcgcgatctg 
gaggcggccg cgccagatgc ggcgcgtttg 
atggacgaca tggccgggcg gccaatggtg 
acgcagcaaa aacggcatca gctgaacaat 
aaaatggctc acccggcttc agccaacgcc 
atcccgggta gccaccacga aatcaaggaa 
acggcccacg cagacagagt ggaaatcgct 
ctgcatcaac agcggctggc gcgcgaacgg 
gttgccacac cgattagcgc caggtttcag 
cttgagggga cagataccac gcagtcaccc 
ggagccgggg taacgccgct ggcggtaacg 
gataatccac ccgcgctcaa tacgttgttg 
tatctggcgc accatgccag cagcgacggt 
cacctgtttg atatcaaaag caccgccacc 
ggtgagataa agggcaagct ggcgcaggcg 
agcggcaaga tctcgctggg gagcggtacg 
ccgggggaag cgcaccgttc cttattaacc 
cggccgcagg gcgagtcaat ccgcctgcat 
ctgggcgtat ggcaatctgc ggataaagat 
ggtaagctct atgcgctgaa agacaaccgt 
tcagaaaagc tggtcgataa aatcaaatcg 
atcctgacgg atactcccgg ccgccataag 
ccggagagcc atatttccct cagcctgcat 
gggaagtcgg agcttgaggc acaatctgtc 
gatagcgaag gcaagctgtt tagcgccgcc 
aaaatgaaag ccatgcctca gcatgcgctc 
tctggatttt tccatgacga ccacggccag 
cagcagcatg cctgcccgtt gggtaacgat 
gatgcgctgg ttatcgacaa tcagctgggg 
attcttgata tggggcattt aggcagcctg 
gaccagctga ccaaagggtg gactggcgcg 
ctggatggag cagcttatct actgaaagac 
agcacctcct ctatcaagca cggaacggaa 
aaaccggagc cgggagatgc cctgcaaggg 
gcggtgattg gggtaaataa atacctggcg 
cagataaaac ccggcaccca gcagttggag 
atcagcggcg aactgaaaga cattcatgtc 
cacgagggag aggtgtttca tcagccgcgt 
agctggcaca aactggcgtt gccacagagt 
catgagcaca aaccgattgc cacctttgaa 
ggctggcacg cctatgcggc acctgaacgc 
caaaccgtct ttaaccgact aatgcagggg 
ttgacggtta agctctcggc tcagacgggg 
agcagtaaat tttccgaaag gatccgcgcc 
cgaccgatta aaaatgctgc ttatgccaca 
aagccgttgt acgagatgca gggagcgctg 
cataacgcgc cacagccaga tttgcagagc 
ggcgcagaat tgcttaacga catgaagcgc 



ctggcgcggg acgacggcga aacgcagcat 1 360 
acccgttcgg gcggcgtcaa acgccgcaat 420 
aaaggtggca gcggcgaaga taaggtacca 480 
tttggccaga tgcgccaaac gatgttgagc 540 
ggcgatcgcc tgcagcattc accgccgcac 600 
gaaccggttg gctccaccag caaggcaaca 660 
caggaagatg acgacagcga attccagcaa 720 
gaaaatccac cgcagccgcc caaactcggc 780 
cccaaactga ctgcggttgc ggaaagcgtc 840 
cttaagccgc aatcaatgct gaaaggaagt 900 
ctggataaag gcaagttgca gctggcaccg 960 
aagcagacat tgggtaaaga cacccagcac 1020 
agccagcatc tgctgctgga caacaaaggc 1080 
agctatagcg tgctgcacaa cagccacccc 1140 
ggtactggct ccgtcagcgt agacggtaaa 1200 
caaagtcaca acaaaacaat gctaagccaa 1260 
ggcatttggc agcatcctgc tggcgcagcg 1320 
gacgacaaaa ttcatatcct gcatccggag 1380 
acccacagcc agctgtctcg ccaggcagac 1440 
accctgcaaa acctctccga taataaatcc 1500 
tattccgttg atcagcgggg gcaggtggcg 1560 
atgagtatta tgccctcgct ggatgcttcc 1620 
tttgccgatg cccaccaggg gttattgcac 1680 
gcgatcagcc atgggcgact ggttgtggcc 1740 
attccgaagc aaggggatgg aaacgaactg 1800 
gatgaacatt ttggtcatga ccaccagatt 1860 
cttaatgcgc tggtgaaaaa taacttcagg 1920 
catcagtttc accccggctg gaacctgact 1980 
ctgcatcata ccaatcctga accgcatgag 2040 
gcgttacagg agggcaagct tcactatttt 2100 
gagtcagatt gtaagcagct gaaaaaaggc 2160 
ggtgaagtga aacgcctgaa tattaatcag 2220 
aacgtttttt cgctgccgca tgtgcgcaat 2280 
ctgaataaag acgataaggc ccaggccatg 2340 
ctgacggaaa aaggggacat tcgctccttc 2400 
cggccggcac aaactctcag ccgcgaaggt 2460 
gaccacaagc agaacctgta tgccttgacc 2520 
gaagcctggc agaatggtgc cgaaagcagc 2580 
gaaagtaagc taaaaagtct ggacatgagc 2640 
gacggtagcc agcatcagct gaaggctggc 2700 
gggccgctgg cggtgggtac cagcggttca 2760 
gtgaaaggca aggtgatccc aggcagcggg 2820 
ggaatgaccg gcgccgaagg gcgcaaggtc 2880 
tatgcgttca acccaacaat gtccacgccg 2940 
cagcacggct ggcaggggcg tgaggggttg 3000 
attaaacaac tggatgcgca taacgttcgt 3060 
aaactggaaa ctctggattt aggcgaacat 3120 
ttccgcgacg aactggagca gagtgcaacc 3180 
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cgttcggtga ccgttttagg tcaacatcag ggagtgctaa aaagcaacgg tgaaatcaat 3240 
agcgaattta agccatcgcc cggcaaggcg ttggtccaga gctttaacgt caatcgctct 3300 
ggtcaggatc taagcaagtc actgcaacag gcagtacatg ccacgccgcc atccgcagag 3360 
agtaaactgc aatccatgct ggggcacttt gtcagtgccg gggtggatat gagtcatcag 3420 
aagggcgaga tcccgctggg ccgccagcgc gatccgaatg ataaaaccgc actgaccaaa 3480 
tcgcgtttaa ttttagatac cgtgaccatc ggtgaactgc atgaactggc cgataaggcg 3540 
aaactggtat ctgaccataa acccgatgcc gatcagataa aacagctgcg ccagcagttc 3600 
gatacgctgc gtgaaaagcg gtatgagagc aatccggtga agcattacac cgatatgggc 3660 
ttcacccata ataaggcgct ggaagcaaac tatgatgcgg tcaaagcctt tatcaatgcc 3720 
tttaagaaag agcaccacgg cgtcaatctg accacgcgta ccgtactgga atcacagggc 3780 
agtgcggagc tggcgaagaa gctcaagaat acgctgttgt ccctggacag tggtgaaagt 3840 
atgagcttca gccggtcata tggcgggggc gtcagcactg tctttgtgcc tacccttagc 3900 
aagaaggtgc cagttccggt gatccccgga gccggcatca cgctggatcg cgcctataac 3960 
ctgagcttca gtcgtaccag cggcggattg aacgtcagtt ttggccgcga cggcggggtg 4020 
agtggtaaca tcatggtcgc taccggccat gatgtgatgc cctatatgac cggtaagaaa 4080 
accagtgcag gtaacgccag tgactggttg agcgcaaaac ataaaatcag cccggacttg 4140 
•cgtatcggcg ctgctgtgag tggcaccctg caaggaacgc tacaaaacag cctgaagttt 4200 
aagctgacag aggatgagct gcctggcttt atccatggct tgacgcatgg cacgttgacc 4260 
ccggcagaac tgttgcaaaa ggggatcgaa catcagatga agcagggcag caaactgacg 4320 
tttagcgtcg atacctcggc aaatctggat ctgcgtgccg gtatcaatct gaacgaagac 4380 
ggcagtaaac caaatggtgt cactgcccgt gtttctgccg ggctaagtgc atcggcaaac 4440 
ctggccgccg gctcgcgtga acgcagcacc acctctggcc agtttggcag cacgacttcg 4500 
gccagcaata accgcccaac cttcctcaac ggggtcggcg cgggtgctaa cctgacggct 4560 
gctttagggg ttgcccattc atctacgcat gaagggaaac cggtcgggat cttcccggca 4620 
tttacctcga ccaatgtttc ggcagcgctg gcgctggata accgtacctc acagagtatc 4680 
agcctggaat tgaagcgcgc ggagccggtg accagcaacg atatcagcga gttgacctcc 4740 
acgctgggaa aacactttaa ggatagcgcc acaacgaaga tgcttgccgc tctcaaagag 4800 
ttagatgacg ctaagcccgc tgaacaactg catattttac agcagcattt cagtgcaaaa 4860 
gatgtcgtcg gtgatgaacg ctacgaggcg gtgcgcaacc tgaaaaaact ggtgatacgt 4920 
caacaggctg cggacagcca cagcatggaa ttaggatctg ccagtcacag cacgaccrtac 4980 
aataatctgt cgagaataaa taatgacggc attgtcgagc tgctacacaa acatttcgat 5040 
gcggcattac cagcaagcag tgccaaacgt cttggtgaaa tgatgaataa cgatccggca 5100 
ctgaaagata ttattaagca gctgcaaagt acgccgttca gcagcgccag cgtgtcgatg 5160 
gagctgaaag atggtctgcg tgagcagacg gaaaaagcaa tactggacgg taaggtcggt 5220 
cgtgaagaag tgggagtact tttccaggat cgtaacaact tgcgtgttaa atcggtcagc 5280 
gtcagtcagt ccgtcagcaa aagcgaaggc ttcaataccc cagcgctgtt actggggacg 5340 
agcaacagcg ctgctatgag catggagcgc aacatcggaa ccattaattt taaatacggc 5400 
caggatcaga acaccccacg gcgatttacc ctggagggtg gaatagctca ggctaatccg 5460 
caggtcgcat ctgcgcttac tgatttgaag aaggaagggc tggaaatgaa gagctaa 5517 



<210> 8 
<211> 1838 
<212> PRT 

<213> Erwinia aniylovora 
<400> 8 

Met Glu Leu Lys S r Leu Gly Thr Glu His Lys Ala Ala Val His Thr 
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10 



15 



Ala Ala His Asn Pro Val Gly His Gly Val Ala Leu Gin Gin Gly Ser 
20 25 30 

Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Glu Gly 
35 40 45 

Lys Asn Arg Gly Lys Met Pro Arg He His Gin Pro Ser Thr Ala Ala 
50 55 60 

Asp Gly He Ser Ala Ala His Gin Gin Lys Lys Ser Phe Ser Leu Arg 
65 70 75 80 

Gly Cys Leu Gly Thr Lys Lys Phe Ser Arg Ser Ala Pro Gin Gly Gin 
85 90 95 

Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
. 100 105 • 110 

Arg Asp Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 
115 120 125 

Arg Leu Thr Arg Ser Gly Gly Val Lys Arg Arg Asn Met Asp Asp Met 
130 135 140 

Ala Gly Arg Pro Met Val Lys Gly Gly- Ser Gly Glu Asp Lys Val Pro 
145 150 155 160 

Thr Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 
165 170 175 

Thr Met Leu Ser Lys Met Ala His Pro Ala Ser Ala Asn Ala Gly Asp 
180 185 190 

Arg Leu Gin His Ser Pro Pro His He Pro Gly Ser His His Glu He 
195 200 205 

Lys Glu Glu Pro Val Gly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 
210 215 220 

Asp Arg Val Glu He Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
225 230 235 240 

Leu His Gin Gin Arg Leu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 255 



Pro Lys Leu Gly Val Ala Thr Pro He Ser Ala Arg Phe Gin Pro Lys 
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260 



265 



270 



Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 

Ser Pro Leu Lys Pro Gin Ser Met Leu Lys Gly Ser Gly Ala Gly Val 
290 295 300 



Thr Pro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 315 320 



Asp Asn Pro Pro Ala Leu Asn Thr Leu Leu Lys Gin Thr Leu Gly Lys 

330 335 



325 



Asp 



Thr Gin His Tyr Leu Ala His His Ala Ser Ser Asp Gly Ser Gin 



340 



345 



350 



His Leu Leu Leu Asp Asn Lys Gly His Leu Phe Asp lie Lys Ser Thr 
355 360 365 

Ala Thr Ser Tyr Ser Val Leu His Asn Ser His Pro Gly Glu lie Lys 
370 375 380 

Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lys 
38? 390 395 400 



Ser Gly Lys 



He Ser Leu Gly Ser Gly Thr Gin Ser His Asn Lys Thr 



405 



410 



415 



Met Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly He 
420 425 430 

Trp Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 460 



Gin Ser Ala Asp Lys Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
465 470 475 480 



Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
485 490 495 

Asp Asn Lys S r Ser Glu Lys Leu Val Asp Lys He Lys Ser Tyr Ser 
500 505 51° 

Val Asp Gin Arg Gly Gin Val Ala He Leu Thr Asp Thr Pro Gly Arg 
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515 



520 



525 



His Lys Met Ser lie Met Pro Ser Leu Asp Ala Ser Pro Glu Ser His 
530 535 540 

He Ser Leu Ser Leu His Pbe Ala Asp Ala His Gin Gly Leu Leu His 
545 550 555 

Gly L ys Ser Glu Leu Glu Ala Gin Ser Val Ala He Ser His Gly Arg 



565 



570 



Leu Val Val Ala Asp Ser Glu Gly Lys Leu Phe Ser Ala Ala lie Pro 
580 585 590 

Lys Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 
595 600 605 

Ala Leu Asp Glu His Phe Gly His Asp His Gin He Ser Gly Pbe Phe 
610 «5 620 

His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 



625 



Gin Gin His 



630 



635 



Ala Cys Pro Leu Gly Asn Asp His Gin Phe His Pro Gly 

655 



645 650 



Trp Asn Leu 



Thr Asp Ala Leu Val He Asp Asn Gin Leu Gly Leu His 



670 



660 665 
His Thr Asn Pro Glu Pro His Glu He Leu Asp Met Gly His Leu Gly 



675 680 
Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 



690 



695 



700 



Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lys Gin Leu Lys Lys Gly 

7 ID 



705 



710 



Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 



725 



730 



Asn He Asn 



Gin Ser Thr Ser Ser lie Lys His Gly Thr Glu Asn Val 



740 



745 



750 



Phe S 



r Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 
755 760 765 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val II Gly 

13 



WO 01/98501 



PCT/US01/18820 



770 



775 



780 



Val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Asp He Arg Ser Phe 
785 790 795 800 

Gin He Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 815 



Ser 



Arg Glu Gly He Ser Gly Glu Lett Lys Asp He His Val Asp His 



820 



825 



830 



Lys Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 
835 840 845 

Pro Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lys 
850 855 860 

Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 
865 870 875 880 



His Glu His Lys Pro He Ala Thr Phe Glu Asp Gly Ser Gin His Gin 

890 895 



885 

Leu Lys Ala Gly Gly Trp His Ala Tyr Ala Ala Pro Glu Arg Gly Pro 
900 905 910 

Leu Ala Val Gly Thr Ser Gly Ser Gin Thr Val Phe Asn Arg Leu Met 
915 920 925 

Gin Gly Val Lys Gly Lys Val He Pro Gly Ser Gly Leu Thr Val Lys 
930 935 940 

Leu Ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Val 
945 950 955 960 

Ser Ser Lys Phe Ser Glu Arg He Arg Ala Tyr Ala Phe Asn Pro Thr 
965 970 975 

Met Ser Thr Pro Arg Pro He Lys Asn Ala Ala Tyr Ala Thr Gin His 
980 985 990 

Gly Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 
995 1000 1005 

Ala L u He Lys Gin Leu Asp Ala His Asn Val Arg His Asn Ala Pro 
1010 1015 !020 

Gin Pr Asp L u Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 
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1025 



1030 



1035 



1040 



Gly Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1055 

Gin Ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 
1060 1065 1070 

Leu Lys Ser Asn Gly Glu He Asn Ser Glu Phe Lys Pro Ser Pro Gly 
1075 1080 1085 

Lys Ala Leu Val Gin Ser Phe Asn Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 HOD 

Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 
1105 "10 11" 1120 

Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
1125 1130 1135 

Met Ser His Gin Lys Gly Glu He Pro Leu Gly Arg Gin Arg Asp Pro 
U40 1145 U50 

Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu He Leu Asp Thr Val 
1155 U60 H65 

Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 1"5 "80 

Asp His Lys Pro Asp Ala Asp Gin He Lys Gin Leu Arg Gin Gin Phe 
1190 H95 1200 

Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys His Tyr 
1205 1210 1215 

Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 
1220 1225 1230 

Ala Val Lys Ala Phe He Asn Ala Phe Lys Lys Glu His His Gly Val 
1235 1240 1245 

Asn Leu Thr Thr Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu Leu 
1250 1255 1260 

Ala Lys Lys Leu Lys Asn Thr Leu L u Ser Leu Asp Ser Gly Glu Ser 
1265 1270 1275 1280 

Met S r Phe Ser Arg Ser Tyr Gly Gly Gly Val Ser Thr Val Phe Val 

15 



WO 01798501 



PCT/USO1/18820 



1285 



1290 



1295 



Pro Thr Leu 



Ser Lys Lys Val Pro Val Pro Val He Pro Gly Ala Gly 



1310 



He Thr Leu 
1315 



1300 l 3 ^ 5 

Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 



1320 



1325 



Gly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn He 
1330 "35 "40 

Ala Thr Gly His Asp Val Met Pro Tyr Met Thr Gly Lys Lys 



1350 



1355 



1360 



Met Val 
1345 

Thr Ser Ala Gly Asn Ala Ser Asp Trp^Leu Ser Ala Lys His^Lys lie 

Ser Pro Asp Leu Arg He Gly Ala Ala Val Ser Gly Thr Leu 6 ln Gly 
1380 1385 "SO 

Thr Leu Gin Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pro 

1395 "00 1405 

Gly Phe He His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu Leu 
1410 "15 



1420 



Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu^Thr 



Leu Gin -„ 

1425 "30 1435 



Phe Ser 



Leu Asn 



Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly He Asn 



1445 



1450 



Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 

1470 



1460 



1465 



Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 

1480 I 485 



1475 



Ser 



Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 



1490 

Arg Pro Thr 
1505 

Ala Leu Gly 
He Phe Pro 



1495 



1500 



Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Thr Ala 



1510 



1515 



1520 



Val Ala His Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 1530 1535 

Ala Phe Thr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
16 
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1540 • "45 "50 

Asp Asn Arg Thr Ser Gin Ser lie Ser Leu Glu Leu Lys Arg Ala Glu 



1555 



1560 1565 



Pro Val Thr Ser Asn Asp He Ser Glu Leu Thr Ser Thr Leu Gly Lys 
1570 "75 "SO 

His Phe Lys Asp Ser Ala Thr Thr Lys Met Leu Ala Ala Leu Lys Glu 



1570 

e„, Aia Thr Thr Lys Met Leu Ala Ala Leu Lys 
1585 

Leu Asp Asp Ala Lys Pro Ala Glu Gin Leu His lie Leu Gin Gin His 
1605 1610 

Ala Lys Asp Val Val Gly Asp Glu Arg Tyr Glu Ala Val Arg 



Phe Ser 

1620 



1625 1630 



Asn Leu Lys Lys Leu Val He Arg Gin Gin Ala Ala Asp Ser His Ser 



1635 



1640 1645 



Met Glu Leu Gly Ser Ala Ser His Ser Thr Thr Tyr Asn Asn Leu Ser 



1650 



1655 



1660 



Arg He Asn Asn Asp Gly He Val Glu Leu Leu His Lys His Phe Asp 



1665 



1670 "75 



Ala Ala Leu Pro Ma Ser Ser Ala Lysfcrg Leu Gly Glu Met^Met Asn 

Asn Asp Pro Ala Leu Lys Asp He lie Lys Gin Leu Gin Ser Thr Pro 
1700 "05 

Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lys Asp Gly Leu Arg Glu 
1715 "20 

Gin Thr Glu Lys Ala lie Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
1730 "35 " 40 

Gly Val Leu Phe Gin Asp Arg Asn Asn LeuArg Val Lys Ser Valuer 
1745 1750 

Val Ser Gin Ser Val Ser Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
1765 "70 

^ l u Gly Thr Ser Asn S r Ala Ala M t Ser Met Glu Arg Asn lie 
1780 I 785 1790 

Gly Thr lie Asn Phe Lys Tyr Gly Gin Asp Gin Asn Thr Pro Arg Arg 
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1795 1800 1805 

Phe Thr Leu Glu Gly Gly lie Ala Gin Ala Asn Pro Gin Val Ala Ser 
1810 1815 1820 

Ala Leu Thx Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 
1825 1830 1835 



<210> 9 
<211> 420 
<212> DNA 

<213> Erwinia amylovora 
<400> 9 

atgacatcgt cacagcagcg ggttgaaagg tttttacagt atttctccgc cgggtgtaaa 60 
acgcccatac atctgaaaga cggggtgtgc gccctgtata acgaacaaga tgaggaggcg 120 
gcggtgctgg aagtaccgca acacagcgac agcctgttac tacactgccg aatcattgag 180 
gctgacccac aaacttcaat aaccctgtat tcgatgctat tacagctgaa ttttgaaatg 240 
gcggccatgc gcggctgttg gctggcgctg gatgaactgc acaacgtgcg tttatgtttt 300 
cagcagtcgc tggagcatct ggatgaagca agttttagcg atatcgttag cggcttcatc 360 
gaacatgcgg cagaagtgcg tgagtatata gcgcaattag acgagagtag cgcggcataa 420 



<210> 10 
<211> 139 
<212> PRT 

<213> Erwinia amylovora 
<400> 10 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Phe Ser 
15 10 15 

Ala Gly Cys Lys Thr Pro lie His Leu Lys Asp Gly Val Cys Ala Leu 
20 25 30 

Tyr Asn Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro* Gin His 
35 40 45 

Ser Asp Ser Leu Leu Leu His Cys Arg lie He Glu Ala Asp Pro Gin 
50 55 60 

Thr Ser He Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
65 70 75 80 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 
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Arg Leu Cys Phe Gin Gin Ser leu Glu His Leu Asp Glu Ala Ser Phe , 



100 



105 



Ser Asp 



lie Val Ser Gly Phe lie Glu His Ala Ala Glu Val Arg Glu 



115 



120 



125 



Tyr lie Ala Gin Leu Asp Glu Ser Ser Ala Ala 
130 135 



<210> 11 
<211> 341 
<212> PRT 

<213> Pseudomonas syringae 

M^tGl^Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
1 5 10 15 



Val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 30 

Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 



Ala Leu 

20 



Ser 

35 



40 « 



Ara Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu Ala 
50 55 « 

Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly He Glu Asp Val 
65 70 " 

lie Ala Ala Leu Asp Lys Leu He His Glu Lys Leu Gly Asp Asn Phe 
85 90 95 

Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 
100 105 HO 

Thr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 125 

Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
130 135 i4 ° 

Leu Asn Lys lie Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe Pro 
145 150 155 160 

Lvs Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
165 "0 175 
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Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp lie He 
180 185 190 

Gly Gin Gin Leu Gly Asn Gin Gin Ser Asp Ala Gly Ser Leu Ala Gly 
195 200 205 

Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser Ser t 
210 215 220 

Val Met Gly Asp Pro Leu He Asp Ala Asn Thr Gly Pro Gly Asp Ser 
225 230 235 240 

Gly Asn Thr Arg Gly Glu Ala Gly Gin Leu He Gly Glu Leu He Asp 
245 250 255 

Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 
260 265 270 

Asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 
275 280 285 

Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu Ala 
290 295 300 

Thr Leu Lys Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 
305 310 315 320 

Ala Gin He Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr Arg 
325 330 335 

Asn Gin Ala Ala Ala 
340 



<210> 12 
<211> 1026 
<212> DNA 

<213> Pseudomonas syringae 
<400> 12 

atgcagagtc tcagtcttaa cagcagctcg ctgcaaaccc cggcaatggc ccttgtcctg 60 
gtacgtcctg aagccgagac gactggcagt acgtcgagca aggcgcttca ggaagttgtc 120 
gtgaagctgg ccgaggaact gatgcgcaat ggtcaactcg acgacagctc gccattggga 180 
aaactgttgg ccaagtcgat ggccgcagat ggcaaggcgg gcggcggtat tgaggatgtc 240 
atcgctgcgc tggacaagct gatccatgaa aagctcggtg acaacttcgg cgcgtctgcg 300 
gacagcgcct cgggtaccgg acagcaggac ctgatgactc aggtgctcaa tggcctggcc 360 
aagtcgatgc tcgatgatct tctgaccaag caggatggcg ggacaagctt ctccgaagac 420 
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gatatgccga tgctgaacaa gat cgcgcag t teat ggatg acaatcccgc acagtttcccl 480 
aagceggact cgggctcctg ggtgaacgaa ctcaaggaag acaacttcct tgatggcgac 540 
gaaacggctg cgttcegttc ggcactcgac ateattggee agcaactggg taatcagcag 600 
agtgacgctg gcagtctggc agggaegggt ggaggtctgg gcactccgag cagtttttcc 660 
aacaactcgt ccgtgatggg tgatccgctg atcgacgcca ataccggtcc eggtgacage 720 
ggcaataccc gtggtgaagc ggggcaactg ateggegage ttatcgaccg tggcctgcaa 7 BO 
teggtattgg ccggtggtgg actgggcaca cccgtaaaca ccccgcagac eggtaegteg 840 
gcgaatggcg gacagtccgc tcaggatctt gatcagttgc tgggeggett getgetcaag 900 
ggcctggagg caacgctcaa ggatgccggg caaacaggca ccgacgtgca gtcgagcgcfc 960 
gegcaaateg ccaccttgct ggtcagtacg ctgctgcaag gcacccgcaa teaggctgea 1020 
gectga 1026 



<210> 13 
<211> 1729 
<212> OKA 

<213> Pseudomonas syringae 
<400> 13 

tccacttcgc tgattttgaa attggcagat tcatagaaac gttcaggtgt ggaaatcagg 60 
ctgagtgcgc agatttegtt gataagggtg tggtactggt cattgttggt catttcaagg 120 
cctctgagtg eggtgeggag caataccagt cttcctgctg gcgtgtgcac actgagtege 180 
aggcataggc atttcagttc cttgcgttgg ttgggcatat aaaaaaagga acttttaaaa 240 
acagtgcaat gagatgeegg caaaaeggga accggtcgct gcgctttgcc actcacttcg 300 
agcaagctca accccaaaca tccacatccc tatcgaaegg acagegatae ggccacttgc 360 
tctggtaaac cctggagctg gcgtcggtcc aattgcccac ttagcgaggt aacgeagcat 420 
gagcategge atcacacccc ggccgcaaca gaccaccacg ccactcgatt ttteggeget 480 
aagcggcaag agtcctcaac caaacaegtt eggegagcag aacactcagc aagegatega 540- 
cccgagtgca ctgttgttcg gcagcgacac acagaaagac gtcaacttcg gcacgcccga 600 
cagcaccgtc cagaatccgc aggacgecag caagcccaac gaeagecagt ccaacatcgc 660 
taaattgatc agtgcattga tcatgtcgtt getgeagatg ctcaccaact ccaataaaaa 720 
gcaggacacc aatcaggaac agectgatag ccaggctcct ttccagaaca aeggeggget 780 
cggtacaccg teggecgata gegggggegg cggtacaccg gatgegacag gtggcggcgg 840 
cggtgatacg ccaagcgcaa caggcggtgg eggeggtgat actccgaccg caacaggegg 900 
tggeggcage ggtggcggcg gcacacccac tgcaacaggt ggcggcagcg gtggcacacc 960 
cactgcaaca ggcggtggcg agggtggcgt aacaccgcaa atcactccgc agttggccaa 1020 
ccctaaccgt acctcaggta ctggctcggt gtcggacacc gcaggttcta ccgagcaagc 1080 
eggcaagate aatgtggtga aagacaccat caaggtegge gctggcgaag tetttgaegg 1140 
ccacggcgca accttcactg ccgacaaatc tatgggtaac ggagaccagg gegaaaatea 1200 
gaagcccatg ttcgagctgg ctgaaggege tacgttgaag aatgtgaacc tgggtgagaa 1260 
cgaggtcgat ggcatccacg tgaaagccaa aaacgctcag gaagtcacca ttgacaacgt 1320 
gcatgcccag aacgtcggtg aagacctgat tacggtcaaa ggegagggag gcgcagcggt 1380 
cactaatctg aacatcaaga acagcagtgc caaaggtgea gacgacaagg ttgtccagct 1440 
caacgccaac actcacttga aaatcgacaa cttcaaggcc gacgatttcg gcacgatggt 1500 
tcgcaccaac ggtggcaagc agtttgatga catgagcatc gagctgaacg gcatcgaagc 1560 
taaccacggc aagttcgccc tggtgaaaag cgacagtgac gatctgaagc tggcaacggg 1620 
caacatcgcc atgaccgacg tcaaacacgc ctacgataaa acccaggcat cgacccaaca 1680 
caccgagctt tgaatccaga caagtagctt gaaaaaaggg ggtggactc 1729 
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<210> 14 
<211> 424 
<212> PRT 

<213> Pseudomonas syxingae 
<400> 14 

Met Ser lie Gly He Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 
1 5 10 15 

Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Asn Thr Phe Gly 
20 25 30 

Glu Gin Asn Thr Gin Gin Ala .lie Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 
50 55 60 

Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn He 
65 70 75 80 

Ala Lys Leu He Ser Ala Leu He Met Ser Leu Leu Gin Met Leu Thr 
85 90 95 

Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
100 105 110 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 
130 135 140 

Pro Ser Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 
145 150 155 160 

Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 
165 170 175 

Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
180 185 190 

Pro Gin He Thr Pr Gin L u Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 200 205 

Gly Ser Val Ser Asp Thr Ala Gly S r Thr Glu Gin Ala Gly Lys He 
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210 215 220 

Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
225 ( 230 235 240 

Gly His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 

Gin Gly Glu Asn Gin Lys Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 
260 265 270 

Leu Lys Asn Val Asn Leu Gly Glu Asn Glu Val Asp Gly He His Val 
275 280 285 

Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val' His Ala Gin 
290 295 300 

Asn Val Gly Glu Asp Leu He Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn He Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 

Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lys He Asp Asn Phe 
340 345 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 

Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 
370 375 380 

Lys Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 
385 390 395 400 

Gly Asn He Ala Met Thr Asp Val Lys His Ala Tyr Asp Lys Thr Gin 
405 410 415 

Ala Ser Thr Gin His Thr Glu Leu 
420 



<210> 15 
<211> 344 
<212> PRT 

<213> Pseud monas s lanacearum 
<400> 15 
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Met Ser Val Gly Asn lie Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 
15 10 15 

Asn Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
20 25 30 

Val Gin Asp Leu He Lys Gin Val Glu Lys Asp He Leu Asn lie lie 
35 40 45 

Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 
50 55 60 

Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 
65 7 0 75 80 

Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 90 95 

Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
100 105 110 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 140 

Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 
145 150 155 160 

Glu Ala Leu Gin Glu He Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 170 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
180 185 190 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
195 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
210 215 220 

Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 
225 230 235 240 



Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys He Leu Asn 
245 250 255 
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Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn Gin M 
260 265 210 

Ala Gin Gly Gly Ser Lys Gly Ala Gly Asn Ala Ser Pro Ala Ser Gly 
275 280 285 

Ala Asn Fro Gly Ala Asn Gin Pro Gly Ser Ala Asp Asp Gin Ser Ser 
290 295 300 

Gly Gin Asn Asn Leu Gin Ser Gin lie Met Asp Val Val Lys Glu Val 
305 310 315 320 

Val Gin lie Leu Gin Gin Met Leu Ala Ala Gin Asn Gly Gly Ser Gin 
325 330 335 

Gin Ser Thr Ser Thr Gin Pro Met 
340 



<210> 16 
<211> 1035 
<212> DMA 

<213> Pseudomonas solanacearum 
<400> 16 

atgtcagtcg gaaacatcca gagcccgtcg aacctcccgg gtctgcagaa cctgaacctc 60 
aacaccaaca ccaacagcca gcaatcgggc cagtccgtgc aagacctgat caagcaggtc 120 
gagaaggaca tcctcaacat catcgcagcc ctcgtgcaga aggccgcaca gtcggcgggc 180.. 
ggcaacaccg gtaacaccgg caacgcgccg gcgaaggacg gcaatgccaa cgcgggcgcc 240 
aacgacccga gcaagaacga cccgagcaag agccaggctc cgcagtcggc caacaagacc 300 
ggcaacgtcg acgacgccaa caaccaggat ccgatgcaag cgctgatgca gctgctggaa 360 
gacctggtga agctgctgaa ggcggccctg cacatgcagc agcccggcgg caatgacaag 420 
ggcaacggcg tgggcggtgc caacggcgcc aagggtgccg gcggccaggg cggcctggcc 480 
gaagcgctgc aggagatcga gcagatcctc gcccagctcg gcggcggcgg tgctggcgcc 540 
ggcggcgcgg gtggcggtgt cggcggtgct ggtggcgcgg atggcggctc cggtgcgggt 600 
ggcgcaggcg gtgcgaacgg cgccgacggc ggcaatggcg tgaacggcaa ccaggcgaac 660 
ggcccgcaga acgcaggcga tgtcaacggt gccaacggcg cggatgacgg cagcgaagac 720 
cagggcggcc tcaccggcgt gctgcaaaag ctgatgaaga tcctgaacgc gctggtgcag 780 
atgatgcagc aaggcggcct cggcggcggc aaccaggcgc agggcggctc gaagggtgcc 840 
ggcaacgcct cgccggcttc cggcgcgaac ccgggcgcga accagcccgg ttcggcggat 900 
gatcaatcgt ccggccagaa caatctgcaa tcccagatca tggatgtggt gaaggaggtc 960 
gtccagatcc tgcagcagat gctggcggcg cagaacggcg gcagccagca gtccacctcg 1020 
acgcagccga tgtaa 1035 



<210> 17 
<211> 10 
<212> PKT 
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<213> Xanthomonas caxapestris 
<400> 17 

Met Asp Gly He Gly Asn His Phe Ser Asn 



1 



5 



10 



<210> 18 
<211> 20 

<212> PRT . 
<213> Xanthomonas campestris pv. pelargonii 

iTto** Gin ser Pro ft. «• Gly ftc «. - Gl» ^ ■» 
1 5 10 

Leu Leu Ala Met 
20 
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HARPIN FROM ERWINIA AMYLOVORA INDUCES PLANT RESISTANCE 

Z.-M. Wei and S.V. Beer 
Department of Plant Pathology 
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Ithaca, NY 14853 
USA 



Plants have evolved a complex array of biochemical pathways that enable them to 
recognize and respond to signals from the environment A common form of plant 
resistance is the restriction of pathogen proliferation to a small zone surrounding the site 
of infection. Typically this restriction is-accompanied by localized necrosis. In addition 
to local defense response, plants also respond to infection by activating defenses in 
uninfected parts of the plant, which result in resistance of the plant to secondaiy 
infection (Dean and Kuc, 1985). Collectively, this phenomenon of induced resistance 
is called systemic acquired resistance (SAR). SAR reduces the severity of disease 
caused by all classes of pathogens and it can persist for several weeks or longer. SAR 
can be induced by abiotic agents, such as salicylic acid as well as biotic agents, such 
as virulent and avirulent pathogens (Dean and Kuc, 1985; Malamy e/ai, 1990). Salicylic 
acid is believed to play a signal function in the induction of SAR since endogenous levels 
of salicylic acid increase after "immunization" with an incompatible pathogen. However 
at present, little is known about the signal transduction pathways activated during 
responses of a plant to attack by a pathogen, although this knowledge is central to 
understanding disease susceptibility and resistance. 

Eminia amyiovora is an often devastating plant pathogenic bacterium that causes 
the fire blight disease of pear, apple and many other rosaceous plants. In non-host 
plants, E. amyiovora elicits the hypersensitive response (HR), which is characterized by 
a rapid, localized death of tissues infiltrated with high concentrations of bacterial cells 
(>10 7 cfu/ml) (Klement, 1982). hrp genes are essential for £ amyiovora to cause 
disease in host plants and to elicit the HR in non-host plants (Beer et a/., T991). Harpin 
is a heat-stable, glycine-rich, secreted protein with molecular mass of 37 kD. It is 
encoded by hrpNoi £ amyiovora (Wei et a/., 1992). When infiltrated into intercellular 
spaces, harpin elicits the HR in many plants including tobacco, pepper, sunflower, 
tomato cabbage, arabidopsis, cucumber, geranium, watermelon and lettuce. 

The HR is believed to be associated with plant defense against pathogens. Hence, 
we reasoned that harpin-induced HR may induce plant resistance. We tested harpin- 
induced resistance in more than seven different plants against eight diseases caused 
by fungi, bacteria and viruses. All tested plants showed some resistance. Here we 
report evidence of harpin-induced resistance to three diseases, southern bacterial wilt 
of tomato, tobacco mosaic virus and Gliocladium leaf spot of cucumber. 

Harpin-induced resistance in tomato against southern bacterial wilt caused 
by Pseudomonas solanacearum. 

100 /J of a cell suspension of ca. 10 8 cfu/ml of Escherichia coli DH5a(pCPP430) 
or 100 \i\ of a 200 pg/ml crude harpin preparations were infiltrated into portions of the 
two lower true leaves of two-week-old tomato seedlings grown in 8 x 15 cm flats in the 
greenhouse. Twenty plants were used for each treatment Necrosis was evident 24 
hours after infiltration of harpin or £ coli DH5a(pCPP430), which produces and secretes 
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harpin. Four days after the tomato seedlings had been treated with harpin or bacteria, 
they were inoculated wrth P. sofanacearumKGQ (10 r cfu/ml) by root dipping for'three 
minutes. The inoculated plants were replanted into the same flats and left in a 
greenhouse. None of the 20 harpin-infiltrated plants showed any symptoms one week 
after inoculation with P. solanacearvm K60. However, seven of the 20 buffer-infiltrated 
plants were stunted. After two weeks, 1 1 buffer-infiltrated plants showed severe wilting 
and five were stunted, characteristics of the southern bacterial wilt disease. In 
comparison, only two harpin-treated plants appeared wilted and three plants were 
stunted. Similar induced resistance was observed following infiltration of living bacteria 
E co/tfDH5ct(pCPP430), but not by £ coli DH5a(pCPP430') i which is a harpin-deficient 
mutant created by transposon Tn5<ac insertion into the hrpN gene. These results 
indicate that harpin, which is produced and secreted by hrp gene cluster of £ 
amylovora, is responsible for the induced-resistance realized. 

Harpin-induced resistance in tobacco to tobacco mosaic virus (TMV) 
One panel of a lower leaf of four- week-old tobacco seedlings (Nicotiana tabacum 
L *Xanthi* with N gene) was infiltrated with 100 pi of a 200 pg/ml crude harpin 
preparation in 5 mM phosphate buffer. Three days later, the plants were challenged 
with TMV. Fifty pi of a suspension of TMV (5 pg/mi) was rubbed on one upper leaf with 
400-mesh carborundum. Six plants were used for each treatment Necrotic lesions 
appeared on inoculated leaves of both harpin- and buffer-treated plants 4 days after 
inoculation. The average number of necrotic lesions from the six harpirvtreated plants 
was 21 , which was significantly less than the 67 lesion average that developed on six 
buffer-treated plants. More importantly, the size of the lesions on buffer-treated plants 
was larger than those on the harpin-treated plants. Actually, it was difficult to distinguish 
individual lesions on the buffer-treated plants by day 10, because several necrotic 
lesions had merged. 

Harpin-induced resistance against Gliocladium leaf spot of cucumber 

Harpin or a cell suspension of E coli DH5a(pCPP430) was infiltrated into first two 
true leaves of two-week-old cucumber seedlings. Six plants were infiltrated for each 
treatment Four days after infiltration of harpin, a Gliocladium cucurbitae spore 
suspension (10 6 spores/ml) was sprayed onto the whole plants. The inoculated plants 
were incubated in a moisture chamber. Ten days after the inoculation, typical leaf spots 
appeared. A mean of six lesions was present on the lowest leaves of six harpin-treated 
plants, but 32 lesions formed on the same leaves of the six buffer-treated plants. On 
the third lowest leaves, the difference in disease severity was even greater; there were 
virtually no lesions on harpin-treated plants, however, more than 30 lesions were found 
on the buffer-treated plants. Later, most of the diseased leaves on buffer-treated plants 
wilted and died. 

The examples outlined above show that harpin is able to induce resistance in 
different plants against bacterial, viral and fungal pathogens. Although mechanisms of 
harpin-induced resistance are unknown, some of our preliminary experiments have 
shown that harpin may act as an elicitor of salicylic acid induction, which is believed to 
be involved in SAR (Malamy ef a/., 1990). Unlike some host-specific elicitors (Keen ef 
a/., 1990), harpin is able to elicit the HR on a broad range of plants. Thus, we expect 
that harpin-induced resistance can be achieved in many plants either by manipulation 
of harpin exogenously or by harpin-mediated transgenic plants. 
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Our studies of harpin-induced resistance are just beginning and we need to learn 
more to understand the exciting features of this phenomenqrn. For example, what is the 
minimal amount of harpin needed to induce plant resistance and how long does the 
resistance persist, and what mechanisms are involved in harpin-induced resistance? 
We expect that harpin as a novel molecule will play an important role in dissecting the 
signal transduction pathways of induced-resistance in plants, and perhaps also in 
practical disease control. 
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Summary 

Systemic acquired resistance (SARI Is an inducible plant 
defense response and is effective against a broad spectrum 
of pathogens. Biological induction of SAR usually follows 
plant ceO death resulting from the plant hypersentltive 
response IHR) elicited by an • virulent pathogen or from 
disease necrosis caused by a virulent pathogen. The ell cita- 
tion of the HR and disease necro*©* by pathogenic bacteria 
is controlled by hrp genes. Previously, H was shown that 
the Pseudomonas syringae 61 (Pss61) rkpZ^ protein 
(formally harpiryj efidted the HR in plants. In this study, 
ft is shown that HrpZ*, Induced SAR In cucumber to 
diverse pathogens, including the anthracnose fungus 
[CoRetotrichum lagenariuml tobacco necrosis virus and 
the bacteria] angular leaf spot bacterium (15 * pv. 
lachrymans). A hrpH mutant of Pss61, which b defective 
in the secretion of HipZp» and, possibly, other protein 
elicitors, tailed to elicit SAR. Pathogenesis-related (PR) 
proteins, including peroxidase, p-glucanase and chrtinases, 
were induced in cucumber plants inoculated with Pss61, 
C lagenanum or HrpZp,,. The induction patterns of PR 
proteins by HrpZ*, and Pss61 were the same, but were 
different from that induced by G hgenarium. trrterestmgty, 
the hrpH mutant induced two of the three Identified PR 
proteins, despite Its faHure to induce SAR. These results 
suggest that pnrteinaceous eiichors, such as HrpZ** that 
traverse the bacterial Hrp secretion pathway are Involved 
in the biological induction of SAR and that at least some 
PR proteins can be induced by bacterial factors that are - 
not controlled by hrp genes. 

Introduction 

Localized infection of plants by necrotizing pathogens can 
result in systemic acquired resistance (SAR) to disease, 
which persists for weeks to months and is effective against 
diverse pathogens including fungi, bacteria, and necrotiz- 
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ing viruses (Kuc, 1982; Ross, 1981). Biological inducti n of 
SAR is usually associated with prior plant cell death during 
the hypersensitive response (HR) or disease necrosis trig- 
gered by avirulent or virulent pathogens, respectively 
(Cameron etaU 1994; Kuc, 1982; Ross, 1961; Uknes mtaL, 
1993]. Certain synthetic chemicals, such as salicylic acid 
(SA) and 2,&dichloroisonicotinic acid (INA), also can be 
very effective in the induction of SAR when applied to 
plants (Metraux et al., 1991; Whhe, 1979). The induction of 
SAR in cucumber plants by an avirulent bacterial pathogen, 
Pseudomonas syringae pv. syringae, appears to be depen- 
dent on bacterial hrp genes that are required for many 
plant pathogenic bacteria to elicit the HR in non-host plants 
or to cause disease in host plants (Smith et at, 1991). The 
HR is a complex plant resistance reaction which involves 
local plant cell death and restriction of pathogens to the 
she of their introduction (Klement, 1982). 

Recent studies have shown that most Hrp proteins are 
involved in the assembly of a type III protein secretion 
pathway (the Hrp pathway) through which bacterial patho- 
genesis-related proteins traverse to the extracellular milieu 
to initiate various plant-bacterial interactions (Fenselau, 
1992; Hueng et ah, 1992, 1995; Van Gijsegem ataL, 1995). 
One family of such proteins that have been identified 
are heat-stable, glycine-rich proteins: harpin of Erwinia 
amylovora (Wei et al, 1992), HrpZ*, (formally harpinpj 
of P. s. pv. syringae 61 (Pss61) (He et al, 1993) and PopA 
of P. solanacearvm (Arlat et a!^ 1994). Harpins and PopA 
were shown to elicit the HR when infiltrated into the leaf 
laminae of appropriate plants (Arlat et a/„ 1994; He et al, 
1993; Wei et aU 1992), to induce exchange of H + and K+ 
(the r XK) across the piasmalemma (Wei etaU 1992), and 
to generate active oxygen species (Baker et aL, 1993) when 
added to plant cell cultures, which are all properties of the 
HR elicited by live bacteria. 

As part of our investigation into plant responses to P. 
syringae extracellular proteins under the control of the Hrp 
regulatory/secretion system, we studied the involvement 
of HrpZpu in the biological induction of SAR by R a. pv. 
syringae 61. In this paper we describe the experimental 
results showing that HrpZ^, as well as the bacterium 
(Pss61) that produces it, efficiently induced SAR in cucum- 
ber to diverse pathogens, including a fungus [Colleto- 
trichum lagenanum), a bacterium (P. s. pv. lachrymansb 
and a local lesion-forming virus (tobacco necrosis virus). 
The hrpH mutant which is defective in the secretion 
of HrpZfe, failed to induce SAR. Multiple pathogenesis- 
related (PR) proteins were detected in cucumber plants 
treated witfi HrpZp^Pssei and C! lagenanum. The efficacy 
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of SAR induction, resistance spectrum and patterns f PR 
protein induction were very similar in plants treated with 
HrpZp*, and Pss61. Interestingly, the PR protein patterns 
induced by HrpZp» and Pss81 were somewhat different 
from that induced by C lagenarium. The hrpH mutant, 
though unable to induce SAR, efficiently induced some of 
the well-characterized PR proteins. These results suggest 
that the biological induction of SAR by P. syringae is 
dependent on the bacterial proteins (such as HrpZp,,) which 
traverse the Hrp secretion pathway and that at least some 
PR-proteins can be induced by bacterial factors other than 
Hrp-controlled extracellular protons. 

Results 

Symptoms on cucumber leaves treated with SAR 
inducers » 

Treatment of leaves with spores of C lagenarium (a viru- 
lent necroge : nic pathogen of cucumber) resulted in the 
development of symptoms typically obtained with the 
fungus in cucumber, infiltrated areas were asymptomatic 
for 3-4 days, after which time tissues began to collapse 
and become necrotic. Lesions continued to expand for 
several days and developed a tan to brown pigmentation. 
Symptoms induced by treatments with Pss61 (an avirulent, 
HR necrosis-inducing pathogen) and HrpZp,, varied with 
environmental conditions in the greenhouse. Under high 
levels of natural light, Pss61 and HrpZp» triggered the HR 
within 24 and 48 h, respectively, after infiltration. The HR 
was restricted to infiltrated areas and did not expand as 
did the necroses caused by C lagenarium. Under lower 
natural light levels (cloudy days), tissues infiltrated with 
Pss61 or HrpZp„ developed a weaker HR characterized by 
increasing chlorosis over a 3-5 day period, then necroses 
developed gradually and irregularly, despite supplemental 
illumination with sodium lamps. Infiltration with hrpH 
(which is defective in the secretion of HrpZp,* He et aL 
1993) caused either no symptoms or a very mild chlorosis 
under all conditions tested. Infiltration with buffer alone 
caused only a small ring of white necrosis resulting from 
mechanical damage caused by pressure of the pipette 
mouth against the leaf. Interestingly, infiltration with £ 
amyiovora harpin protein, which was prepared from 
DH5o(pCPP50) (He etal H 1994) and which induced a strong 
HR in tobacco leaves, did not induce HR necrosis in 
cucumber leaves (data not shown). 

SAR to C lagenarium 

We first tested to see whether HrpZ*, alone could induce 
SAR to a well-studied fungal pathogen of cucumber, C 
lagenarium. As shown in Table 1, HrpZp*, treatment 
induced SAR comparable to that induced by C lagenarium 



(approximately 90% reducti n in total necrotic area relative 
to buffer-treated controls) in two upper leaves which 
expanded subsequent to induct! n treatment The degrees 
of SAR induced by HrpZp^, Ps$61, Pss6 VhrpH and C 
lagenarium in cucumber were subsequently compared. 
Under conditions conducive to HR development in the 
greenhouse (high levels of natural light due to sunny 
weather) both HrpZ*, and Pss61 efficiently induced SAR 
in Leaf 2 and Leaf 3 (Table 2 and Figure la and b). SAR 
was expressed as a reduction in both the number and 
diameter of necrotic lesions resulting from challenge with 
C. lagenarium. Protection of Leaf 2 was comparable to that 
induced by C lagenarium, whereas protection in Leaf 3 
was weaker than that induced by the fungus. Under the 
conditions of this experiment, expansion of Leaf 2 and 
Leaf 3 occurred after the onset of the HR and necrosis 
incited by C. lagenarium infiltration. Leaf 2 was fully 
expanded prior to challenge-inoculation, whereas Leaf 3 
was not The hrpH mutant did not induce SAR (Table 2). 
The quality and/or quantity of light profoundly influenced 
the induction of both the HR and SAR in cucumber by 
Pss61 and HrpZpa in the greenhouse. When a similar 
experiment was conducted under conditions non-con- 
ducive to HR development (low levels of natural light on 
cloudy days), neither Pss61 nor HrpZp» induced the HR or 
SAR, although £ lagenarium incited necrotic lesions on 
Leaf 1 and induced SAR under these conditions (data 
not shown). 

SARtoTNV 

We next examined whether HrpZ^-induced SAR would 
be effective against a viral pathogen. In two initial experi- 
ments, the abilities of HrpZp,, and C lagenariumXo induce 
SARtoTNV were compared. HrpZp^ elicited a normal HR 
in these experiments and inducers AR to TNV local lesion 
formation comparable to that induced by C. lagenarium 
(Table 3 and Figure 1c and d). We then compared the 
abilities of HrpZp,* Pss61, hrpH. and C lagenarium to 
induce SAR to TNV. Under high light conditions, HrpZ*, 
and Pss61 elicited a normal HR and induced SAR which 
restricted local lesion formation by TNV to an extent similar 
to that of SAR induced by C lagenarium. The percentage 
of lesion number reduction was 68% for Pss61, 67.1% for 
HrpZpjs, and 75.5% for C lagenarium (Table 3). Under low 
natural light conditions unfavorable for HR development 
(see Experimental procedures), HrpZp» and Pss61 elicited 
a weaker degree of SAR relative to that induced by C 
lagenarium. The percentage of lesion number reduction 
was 443% for Pss61, 46.7% for HrpZp** and 89.6% for C 
lagenarium (Table 3). The lesion numbers observed in 
these independent experiments varied greatly, mainly due 
to the use of different TNV inoculum preparations. TNV 
inoculum Was prepared freshly each time from cucumber 



Induction of SAR by H/pZ^» 433 



Table ! Induction by HrpZp>, and the fungal pathogen, C lagenarium, of systemic acquired resistance to C lagenarium In cucumber 







Leaf 2 






Leaf 3 




Treatment 


Lesion 
number 


Lesion 

diameter 
(mm) 


Total 
necrotic 
area (mm 2 ) 


Lesion 
number 


Lesion 
diameter 
(mm) 


Total 
necrotic 
area (mm 2 ) 


Buffer 
HrpZ*. 

C lagenerium 


185 1 W 
65l05 
35105 


2.0 + 0.1 
1.1 105 

toiao 


60.9 ±7.4 
2.6 105 


183 1 0.6 
Oil 1.7 

65i 15 


251 tb 

1510.1 
i5iai 


1102 £ 29.0 
11413.7 
7itU 



'Mean + SE of four replicate plants per treatment 

Leaf 1 of young plants was infiltrated with buffer 15 mM MgSf^). or Hrp2^, (80 ml*) in buffer, or spores of C lagenarium (5X10 4 
spores ml" 1 ). After 7 days. Leaf 2 and Leaf 3 were challenged with 20 droplets per leaf containing spores of C lagenarium. Disease wee 
allowed to develop for 8 days. 



Table Z Induction of systemic acquired resistance to C lagenarium in cucumber by P. s. pv. syringae 61 (Pss61), HrpZ** the hrpH mutant 
of Pss61 and C lagenarium 



Leaf 2 , Leaf 3 



Total Lesion Total 

necrotic Lesion diameter necrotic 

Treatment number (mm) area (mm 2 ) number (mm) area (mm 2 ) 



Buffer 


154115» 


1.6105 


385185 


165H5 


1510.1 


52516.1 


hfpH 


135H.1 


1.710.1 


32.1125 


164*15 


1510.1 


60.01115 


Pss61 


54104 


uiai 


70)115 


0411.1 


1510.1 


215165 


HrpZp* 


55105 


1.210.1 


55114 


85125 


15105 


24419.1 


C lagenarium 


4.0115 


1310.3 


84155 


64114 


14105 


135155 



■Mean 1 SE of five replicate plants per treatment 

Leaf 1 of young plants was infiltrated with buffer (5 mM MgSOJ, bacteria tOD 60 o a "Oi2), HrpZp,, (160 jig mf 1 ). or spores of C lagenarium 
(5X10* mf 1 ). After 8 days. Leaf 2 and Leaf 3 were challenged with 20 droplets per leaf containing spores of C lagenarium. Disease was 
eliowed to develop for 8 days. 



leaves bearing TNV lesions. In experiment 3, the hrpH 
mutant induced e low level of SAR to TNV (Table 3). 

SAR to P. syringae pv. lacrymans 

HrpZfts and C lagenarium also induced SAR to the angular 
leaf spot bacterium, P. s. pv. lacrymans. For these experi- 
ments, cucumber plants were challenge-inoculated at 11 
days (by spraying) or 17 days (by rubbing) after treatment 
of Leaf 1 (Table 4). Although C lagenarium was a more 
effective treatment HrpZp^ also induced significant levels 
of SAR to the bacterium, reducing necrotic lesion numbers 
by 32 and 75%, compared with 50 and 86% for C 
lagenarium, in the two experiments, respectively; 

Induction of PR proteins 

PR proteins that accumulated in treated cucumber plants 
were first analyzed using native polyacrytamide get electro- 
phoresis (PAGE). All treatments (C lagenarium, Pss61 and 
HrpZpi) that induced SAR also induced the accumulation 
of three PR protein bands (tentatively named PR-A, PR-B 
and PR-C) (Figure 2a). C lagenarium induced PR-C, but not 



PR-A and PR-B. in systemic leaves, while Pss61 and HrpZp* 
induced PR-B, but not PR-A and PR-C, in systemic leaves. 
Treatment with buffer or hrpH mutant did not induce these 
particular PR protein bands to levels that would allow 
visual identification. To see whether any PR proteins with 
known functions were induced in these plants, protein 
extracts were analyzed using native PAGE coupled with 
enzyme (chitinase, peroxidase and fcn*ucenase) activity 
staining. As shown in Figure 2(b), all three enzymes were 
induced in plants treated with HrpZfo, Pss61 or £ lagan- 
arium in both local (treated) and systemic leaves, although 
induction of chitinase isoforme by Pss61 and HrpZp* In 
systemic leaves was variable and low. The enzyme activities 
were substantially higher in local leaves than in systemic 
leaves. Surprisingly, although the hrpH mutant bacterium 
failed to induce SAM it efficiently induced peroxidase and 
chitinase, especially in treated leaves (Figure 2b). Only 
0-glucanase was not found to be induced to high levels in 
the hrptttreatBd plants (Figure 2b), It is interesting to 
note that PR protein levels induced by various treatments 
correlated well with degrees of SAR induced by the same 
treatments (£ lagenarium >HrpZ Pss =Pss61>h/p«> or * 
buffer). 
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figure 1. Disease symptoms caused by challenge-infection of C togenarium and tobacco necrosis virus on cucumber leaves whh or without prior induction 
off SAR. 

Anthrsenost symptoms on Leaf 2 of cucumber plants with Leaf 1 prrviou*>y treated with HrpZ*, {80 ug tnt\ a> or buffer (5 mM M9SO4, b). Leaf 1 of young 
plants was infiltrated with buffer or HrpZf*. After 8 days. Leaf 2 and Leaf 3 were challenged with 20 droplets per leaf containing spores of C bgensrktm. 
Disease was allowed to develop for 8 days, when the picture was taken. - 

TNV symptoms on Leaf 3 of cucumber plants with Leaf 1 previously treated with HrpZ*, (c) or buffer id). Leaf 1 was treated by infiltration of buffer 01 
HrpZpn as described in footnotes to Table 1. After 7 days. Leaf 3 was challenged by mechanical inoculation with a TNV suspension prepared from infected 
cucumber leaves. Disease was allowed to develop for 9 davs.when the picture was taken. 



Induction of the pr-1 gene and SAR in tobacco 

HrpZpu also induced SAR to tobacco mosaic virus (TMV) 
in tobacco (Table 5). The SAR level induced by HrpZp* was 
less than that induced by TMV. This was consistent with 
the different levels of induction of the pr-1 gene by HrpZp*, 
and TMV (Figure 3). TMV-i noculated local leaves (the third 
and fourth true leaves) also showed more necrosis than 
those infiltrated with HrpZp,, (data not shown), which may 



be partly responsible for the different levels of SAR and 
pr-1 expression In TMV- and HrpZp w -induced plants. 



Discussion 

In this study, we show that HrpZp^ a bacterial hrp gene 
product secreted via the Hrp pathway of R s. pv. syringae, 
induced SAR in cucumber and tobacco. In cucumber, the 
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Table 1 Induction of systemic acquired resistance to TNV in cucumber by hrpH mutant HrpZp,* Pss61 and C lagenarium 



Treatment 




Number of TNV nea 


one local lesions 




Experiment 1 


Experiment 2 


Experiment 3 


Experiment 4 


Buffer 




412±Q& 


73ox±sas B 


342.8±34J* 


hrpH 






556.0*514 


3244+1U 


HrpZp* 


28.7+3* 




240.42:27.5 




Pss61 






' 239.9±59,7 


189.0141J9 


C togcnorium 


3*.7±16* 


9DiU 


178.8±26J 


35.8±4J 



'Mean t SE of three replicate plants per treatment "Mean ± SE of eight replicate plants per treatment 

Leaf 1 was treated by infiltration of candidate inducers as described in the footnotes of Table 1. After 7 days, leaf 3 was challenged by 
mechanical inoculation with a TNV suspension prepared from infected cucumber leaves. Disease was allowed to develop for 10 or 9 days 
in experiments 1 and 2, respectively. 

Experiments 1, 2 and 3 were performed under high levels trf natural light during induction periods. 
Experiment 4 was performed on cloudy days. 



Table 4. Induction of systemic acquired resistance to P. syringae 
pv. iacrymans by HrpZp* and C tagenarium * 



• 


Number of necrotic lesions' 


Treatment 


inoculated by rubbing Inoculated by spraying 


Buffer 
HrpZh. 

C lagenarium 


244£±34£ 55.6+5* 
16&5S24J 133+1.7 
122.8+9.8 83+2.1 



■Mean ± SE of five replicate plants per treatment 
Leaf 1 of young plants was infiltrated with treatments as described 
in the footnotes of Table 1. Leaf 5 was challenged by rubbing, or 
by spraying the abaxial leaf surface with a suspension of bacterial 
cells (ODggeO.2, 17 days after induction; or ODsoo'-O.1, 11 days 
after induction, respectively!. Disease was allowed to develop 
for 7 or 13 days in rub-inoculated or spray-inoculated plants, 
respectively. 

efficacy against fungal, viral and bacterial pathogens and 
persistence {for at least 17 days, in the bacterial challenge 
experiments) of HrpZp^-induced SAR is comparable to that 
induced by the bacterium (Pss61) that produces HrpZp^. 
The degree of SAR induced in cucumber by HrpZp* was 
also comparable to that induced by a well-studied bio- 
logical inducer of SAR, C lagenarium (Kuc and Richmond, 
1977). The hrpH mutant of R & pv. syringae, which la 
defective in the secretion of HrpZp* and other protein*' 
aceous pathogenicity factors (He etaL, 1993; Huang ef at, 
1992; Yuan at aL, in preparation), failed to induce SAR in 
cucumber. The induced PR protein patterns were the same 
in cucumber plants treated with Pss61 and HrpZfe* but 
were different from that in £ /agenanum-treated plants. 
Moreover, the hrpH mutant although unable to induce 
SAR, efficiently induced at least two well-characterized 
PR proteins, chitinase and peroxidase (Figure 2b). These 
results suggest that the biological induction of SAR and 
PR proteins fay £ & pv. syringae 61 in the non-host plant, 
cucumber, is dependent on the production and secretion 
of proteinaceous elicitors of the HR, such as HrpZp,,, but 



that at least some PR proteins can be induced by bacterial 
molecules independent of hop gene functions. 

The efficacy of both HrpZp* and Pss61 as inducers of 
SAR in cucumber appeared to be contingent upon their 
ability to elicit a normal HR, as low levels of natural light 
during the induction period, which interfered with HR 
development resulted in reduced SAR to TNV and no SAR 
to C lagenarium (Table 3; Strobel and He, unpublished 
work). The negative effect of low light likely resulted from 
an effect on HR development rather than upon the plant's 
capacity to express SAR because £ lagenarium formed 
necrotic lesions typical of this compatible pathogen on 
Leaf 1 (the inducer leaf) and triggered SAR under these 
same conditions. The profound effect of light on the 
development of the HR has been observed previously 
(Sequeira, 1979), although the underlying mechanism 
remains to be determined. The dependence of the induction 
of SAR on the HR is further suggested by our observations 
that the hrpH mutant of Pss61; which produces but does 
not secrete HR elicitors (He et alj 1993), did not elicit the 
HR or induce SAR in cucumber. Furthermore, £. amyiovora 
harpin, another HR elfcitor which is structurally different 
from HrpZp,, and which elicited a strong HR In tobacco, 
did not induce an HR or SAR in cucumber plants (Strobel 
and He, unpublished observation). In conclusion, there 
appears to be a tight linkage between HR development 
and induction of SAR in plants by avirulent bacteria. 

The tight linkage between the HR and SAR suggests that 
the signaKs) for the induction of SAR by HrpZ*. and P. & 
pv. syringae €1 likely comes from dying plant cells and/or 
cells immediately adjacent to the dying cells during the 
HR. What types of cell death would lead to the induction 
of SAR? It has been shown that the HR triggered by live 
bacteria (Keen et at* 1981); HrpZp^ (He et ai. 1993) or £ 
amtfovora harpin (He et aL 1994) involves an active cell 
death pathway. Does this mean that only cells undergoing 
active cell death give rise to signals for SAR? The answer 
to this is probably not simple. SAR and PR proteins can 
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(a) 

12345 6 789 10 




1 2345678 910 



chitinxsc 




Figure 2. PR protein accurouUtion in cucumber plants. 
PAGE (a) and PAGE coupled with activity staining (b) analyses of protein 
extracts from treated (lanes 1, 3, & 7 and 9) or systemic leaves I lanes X 4, 
6, a and 10). The treatments were buffer (lanes 1 end 2), C JaoeiiaWum 
(lanes 3 and 4). Pss61 (lanes 6 and 6). HrpZp*, (lanes 7 end 81 end the hrpH 
mutant (lenes 9 and IP). Pfl-A, PR-8 and Pfl-C are tentative names for the 
three PR proteins observed In these experiments. The identities of these 
PR proteins are unknown. 

be induced not only by HR-eliciting avirulent pathogens, 
but also by necrosis-causing virulent pathogens. For 
example, P. $. pv. lacrymans and C. lagenarium can effici- 
ently induce SAR and/or PR proteins in the susceptible 
host plant cucumber (Kuc and Richmond, 1977; Smith 
et aL, 1991; this study). Unless cell death during the HR 
and some diseases shares the same biochemical processes, 
which is possible, the ability of both virulent and avirulent 
pathogens to induce SAR argues for multiple cell death 
pathways in the induction of SAR. On the other hand, not 
all types of plant cell death Induce SAR. For example,' 
cell death due to mechanical wounding or resulting from 
certain plant mutations does not induce SAR (Dietrich et at, 
1994). It would be important in the future to leam why 
certain cell death processes, but not others, lead to SAR. 
Endogenous signaling molecules, such as salicylic acid 
and H2O2, have been shown or suggested to be involved 
in the induction of SAR (Chen et aL, 1993; Gatfney et aL 
1993; Malamy era/., 1990; Metraux etaL, 1990; Rasmussen 
et aL, 1991). However, the mechanism(s) by which various 
biological inducers of SAR generate these signals and the 
identity of the actual systemic stgnal(s) translocated from 
the induced (eaves to distant leaves remain to be defer- 



rable 5. Induction of systemic acquired resistance to TMV by 
HrpZp^ and TMV 



Diameter of necrotic lesions* 


Buffer 


4.41 ±0^5 




3.D5+0.03 


TMV 


, 2J4±0.Q3 



"Mean 2 SE of 100 lesions per treatment 
The third and fourth true leaves of 6-week-old tobacco plants were 
inoculated with TMV (100-150 lesions per leaf), or infiltrated with 
120 ug mM harping or 5 mM MgS0 4 at 10 sites (50 jtl per site). 
Five days later the seventh and eighth true leaves were challenge- 
inoculated with TMV, The diameters of TMV lesions on the 
challenged leaves were recorded. 



1 2 3 




Rgurt 3. Induction of the pM gene h tobacco leaves. 
Total HHA was Isolated from systemic (eaves (me ninth true leaves) of 
plants treated with buffer (lane U TMV (lane 2). or Hrp? ftM (lane 3) 5 days 
post-induction. A PCR-amp lifted internal fragment of the tobacco prA gene 
was labeled with [o^PldATP end used as a probe. The largest rRMA 
species visualized after staining with ethldium bromide was used as 
a reference* 

mined. Also, it has not been unequivocally shown that call 
death is necessary for the induction of SAR. 

It is interesting to observe that although C. lagenarium (a 
necrotizing pathogen of cucumber), Pss61 (an HR-eliciting 
bacterium on cucumber) and HrpZp* (an HR-eliciting 
protein) all induced SAR in cucumber plants, there were 
some differences in the induction of PR proteins by these 
pathogens/protein. While C lagenarium, Pss61 and HrpZp* 
all induced PR-A, PR-B and PR-C in the inoculated leaves, 
only C lagenarium induced PR-C in systemic leaves to a 
high level (visible on a PAGE gel). In contrast, PR-B was 
induced in systemic leaves to high levels only by HrpZp,, 
and Pss61. The induction patterns of PR-A. PR-B, PR-C, 
chftinase, peroxidase and (Hjlucanase were the same for 
Pss61 and HrpZp^ suggesting that HrpZp,, either is a 
major inducer of SAR in Pss61 or b representative of 
SAR inducers produced by Pss61. The differences in the 
induction of PR proteins by C lagenarium and Pss6V 
HrpZ^ may have resulted from different inducers pro- 
duced by C. lagenarium and Ps^l/HrpZpj,, respectively. 
Alternatively, the differences may reflect possible median- 
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istic differences of plant cell death resulting from the HR 
caused by Fss61 or HrpZp„ and disease, necrosis caused 
by C lagenarium, respectively, although both types of cell 
death efficiently trigger SAR in cucumber. 

In this study, 80-160 fig ml" 1 purified HrpZp,, were used 
for induction of SAR. HrpZp* at these concentrations 
consistently elicited both HR and SAR in cucumber and 
tobacco leaves. It is not known whether these concentra- 
tions are comparable to the in vivo amounts of HrpZ^ 
secreted by Pss61. Nor is h known whether the relative 
activity of purified HrpZfo is comparable to that of HrpZpn 
produced by P$s61 in plants. Previously, it was shown that 
Pss61 hrpZ mutants carrying transposon-lnduced 
mutations in the hrpZ gene (complementation group XII) 
were defective in the elicrtation of HR (Huang et at, 1991) 
and SAR (data not shown). More recently, it was discovered 
that these transposon-induced /l/pZmutations exert a polar 
effect on five downstream hrp genes ihrpB-R in the^hrpZ 
operon (Preston etai, 1995; Collmer, personal communica- 
tion). hrpB-% like hrpH, are likely involved in the assembly 
of the Hrp secretion apparatus (Preston etaL, 1995). There- 
fore, current hrpZ mutations affect the expression of not 
only the hrpZ gene but also several other hrp genes that 
are involved in the secretion of Hrp2p» and, most likely, 
other HR elicftors/pathogenicity factors. A non-polar hrpZ 
mutant is needed to assess the contribution of HrpZpu in 
the induction of HR and SAR. Recently, several additional 
proteins traversing the R syringae Hrp secretion pathway 
have been identified in P. syringae pv. tomato (Yuan at ak, 
in preparation). It would be interesting to know whether 
some of these new Hrp-controlled P. syringae extracellular 
proteins can elicit HR and/or SAR. 

Although the hrpH mutant of Pss61 failed to induce SAR 
in most experiments, ft efficiently induced the accumulation 
of peroxidase and chitinase in all experiments (Figure 2b 
and data not shown). The induction of chitinase by hrp 
mutants was also observed by Jakobek and Undgren 
(1993). These data suggest that induction of PR proteins is 
not necessarily a reflection of induction of SAR and that 
the accumulation of certain PR proteins may not contribute 
to resistance. In our experiments, only the accumulation 
of P-glucanase seemed to correlate with the SAR induced" 
by both C. lagenarium and Pss61/Hrp2p„ in cucumber. 
None of the other identified PR proteins were present at 
high levels in systemic leaves of ail cucumber plants that 
exhibited SAR. Whether p-glucanase is responsible for the 
resistance of the induced plants to C. lagenarium.TW and 
R s. pv. lacrymans in cucumber remains to be investigated. 
The relationships between the PR-A, PR-B, and PR-C 
proteins with p-glucanase, chitinase, or peroxidase are 
not known. 

The demonstration of HrpZp M as a proteinaceous inducer 
of SAR may have important practical implications for plant 
disease management Crop plants could be genetically 



engineered with genes encoding proteinaceous HR/SAR 
inducers, such as HrpZpn under the control of plant 
promoters inducible by virulent pathogens, ff this approach 
were successful, the HR and SAR would be triggered in 
otherwise compatible interactions, limiting the disease 
development 

1 

r 

Experimental procedures 

Growth of plants 

Cucumber [Cucumis sathnts U plants were grown in plastic pots 
containing Promix soil A liquid fertilizer (Peter's 15-16-17, W. R. 
Grace and Co, Fogelsville, PA), containing 110 p.p.m. nitrogen, 
was supplied to the water, beginning when the first true leaf was 
fully open. Plants were grown In a glass greenhouse equipped 
with high-pressure sodium lights (with a photoperiod of 14 h) to 
supplement sunlight when necessary. 



Preparation ofinocula 

HrpZp„ was purified by affinity chromatography from Escherichia 
coH DH5a{pSYH45), p$YH45 Is a derivative of pQE30 (Giagen, 
Inc.) expressing a hexahistUine-HrpZp,. (fulWength) fusion 
protein. The first methionine residue of HroZp* was replaced 
by the following amino acid sequence in the fusion protein: 
MRGSHHHHHR The fusion protein was purified according to the 
manufacturer's instructions. Imidazole (300 mm) was used to efute 
HrpZp,, protein, followed by extensive dialysis (3000-fold) in 6 mM 
MgClj at 4*C The purity of HrpZjp*, fusion protein was estimated 
by SDS-PAGE analysis to be greater than 95%. The fusion protein 
at the concentration of 80 ug mf 1 elicited a strong HR in tobacco 
and cucumber leaves, while an Identical preparation from 
DH5a{pGE30) (used as a control in the purification) did not elicit 
any visible response in the same leaves. 

Pseudomonas syringae strains were grown in King/a B broth 
(King et ai, 1954) overnight at 3<rC Bacterial suspensions were 
prepared in 5 mM MgSO* Spores .of ColUstotrichum tagenarium 
were prepared as described previously (Kuc and Richmond 1877). 
Tobacco necrosis virus inoculum was prepared by grinding cucum- 
ber leaves bearing necrotic local lesions in water Og infected leaf 
tissue per 10 ml distilled water). 



Induction of SAR 

First true leaves (Leaf 1) of young cucumber plants (cv. 'Marketer') 
were treated with test agents by infiltration through their abaxiaJ 
surfaces at 30 sites per leaf, with 10 jil per site delivered by a 
repeating pipettor. Treatments consisted of buffer (5 mM MgSO^, 
HrpZpto (final concentration in buffer was 80-160 ug ml" 1 ), PssSI 
or hrpH (a final OD«oo s0 -2 in 5 mM MgSO* equivalent to approxim- 
ately 2X10 8 cells ml- 1 ), or a spore suspension of C lagenarium 
(7.5X10* spores ml" 1 ). 

For experiments involving tobacco [Nicotians tabacum Samsun 
NN) plants, the third and fourth true leaves of B-week-old plants 
were inoculated with TMV (100-150 lesions per leaf) or infiltrated 
with 120 ug ml"* HrpZp* or 5 mM MgS0+ For TMV inoculation, 
adaxial leaf surfaces were dusted with carborundum and then 
rubbed with a cheesecloth pad moistened with a TMV suspension. 
For inoculati n with HrpZp* or 5 mM MgSO* 50 ul solution was 
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pressured into each of 10 panels of a tobacco leaf using a 
needleless syringe. Five plants were used for each treatment 



Assessment of SAR 

At 7-8 days after treatment of Leaf 1 wrth test agents, subsequently 
developed leaves (usually Leaf 2 end/or Leaf 3) were challenged 
wfth C lagenarium, TNV or P. s. pv. lacrymans. 

For fungal challenge, 20 sites per leaf received 10 jil droplets of 
a C lagenarium sport suspension {1x10 s spores ml -1 ) placed on 
edaxiel surfaces with a repeating pipettor. After inoculation, plants 
were held in darkened moist chambers for 24 h to facilitate 
penetration of leaves by the pathogen. Chambers were then 
gradually opened to allow plant adaptation to ambient conditions 
over a 12 h period, and plants were then returned to a greenhouse 
bench for an additional 6-7 days to allow disease development 

For TNV challenge, adaxial leaf surfaces were dusted with 
carborundum and then rubbed with a cheesecloth pad moistened 
with a TNV suspension. Virus-inoculated plants were maintained 
on a greenhouse bench for MO days to permit disease develop- 
ment 

For assessment of SAR to the angular leaf spot bacterium, £ a. 
pv. lacrymans, Leaf 1 was infiltrated with buffer, C lagenarium 
or HrpZp* as described above, and Leaf 6 was challenged on the 
abaxial surface with the bacterium by spraying with a bacterial 
suspension (OOno^O.I ) containing 0.02% Silwet L-77, a surfactant 
at 11 days post-induction or by rubbing with a cheesecloth pad 
saturated with a bacterial suspension (00^=0^) at 17 days after 
induction treatment Spray-inoculated leaves were misted once 
and plants were then placed in a darkened moist chamber for 18 h, 
followed by a 12 h acclimation period. Plants were subsequently 
returned to the greenhouse bench. Rub-inoculated leaves were 
misted once with water and plants were kept on a greenhouse 
bench. Disease was allowed to develop for 7 days for rub- 
inoculated plants or 13 days for spray-inoculated plants. 

For evaluation of anthracnose development the number and 
diameter of necrotic lesions caused by C lagenarium were deter- 
mined, and the total necrotic area per leaf was calculated. The 
extent of disease caused by TNV or P s. pv. facrymana was 
evaluated by counting necrotic local lesions on entire inoculated 
leaves. 

For assessment of SAR to TMV, the seventh and eighth true 
leaves were challenge-inoculated with TMV (100-150 lesions per 
leaf) 5 days after induction. For each treatment the diameters of 
100 TMV lesions (from 10 leaves of five plants) were recorded. 



PR protein assay 

Tissues were collected from Leaf 1 and Leaf 2 during the 14 day 
period following induction of Leaf 1. The leaf tissues were rapidly 
frozen with dry ice end stored at -80°C. Protein extraction was 
based on the method previously described (Ji and Kuc, 1995). 
Frozen leaf tissues were homogenized at (M°C in 0.1 M sodium 
citrate buffer, pH 5.4, containing 0.1% ivM fJ-mercaptoethanol and 
0.1% (w/v) L-ascofb>c acid. The homogenate was centrmjged at 
12 000 g for 30 min. The supernatant was decanted and dialyzed 
against two changes of water for 24 h and then against two 
changes of 0.05 M solium acetate buffer (pH 5.0) for 2 h. The 
extract was centrifuged again at 10 000 g for 10 min. The super- 
natant was used as crude enzyme extract. Protein concentrations 
were measured using the Bio-Rad protein assay kit with bovine 
gamma globulin as standard. 



Determination of enzyme activities in cucumber leaves 

Protein patterns and peroxidase isozymes were analyzed alter a 
single separation using a 15% (wM native-PAGE gel (Pan at at, 
1989). Peroxidase activity was determined using guaiacol as 
substrate (Hammerschmidt at aL 1982). 0-1,3-glucanase and 
chitinase activities were detected as described elsewhere (Ji and 
Kuc, 1995). 



Expression of pr-1 gene in tobacco leaves 

An Internal fragment (from nt 304 to 535) of the tobacco pr-1 gene 
(Figure 1 in Comelissen eta/., 1986) was amplified in a polymerase 
chain reaction (PCR) and labeled with (a-^PJ-dATP. Total RNA was 
purified from systemic leaves (the ninth true leaves) of tobacco 
plants 5 days post-induction. Ten micrograms of RNA from each 
treatment were fractionated in a 1.2% agarose/formaldehyda gel 
and subsequently blotted to Immobilon-N membrane (MiUipore). 
Hybridization was performed in a solution consisting of 6XSSC, 
2xDenhardfs reagent 0.1% SDS and 10% dextran sulfate at 55*C 
Washes were carried out in 02xSSC 0.1% SDS at 60*C 
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HYPERSENSmVE RESPONSE ELICITOR-INDUCED 
STRESS RESISTANCE 
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FIELD OF THE INVENTION 

1 o The present invention relates to imparting stress resistance to plants 

with a hypersensitive response elicitor, 

BACKGROUND OF THE INVENTION 

1 5 Under both natural and agricultural conditions, plants are exposed to 

various forms of environmental stress. Stress is mainly measured with respect to 
growth (i.e. biomass accumulation) or with respect to the primary assimilation 
processes (i.e. carbon dioxide and mineral intake). Soil water deficits, suboptimal and 
supraoptimal temperatures, salinity, and poor aeration of soils may each cause some 

20 growth restrictions during the growing season, so that the yield of plants at the end of 
the season expresses only a small fraction of their genetic potential. Indeed, it is 
estimated that in the United States the yield of field-grown crops is only 22% of 
genetic potential. The same physicochemical factors can become extreme in some 
habitats, such as deserts or marshes, and only specially adapted vegetation can 

25 complete its life cycle in the unusually hostile conditions. In less extreme 

environments, individual plants can become acclimated to changes in water potential, 
temperature, salinity, and oxygen deficiency so that their fitness for those 
environments improves. Some species are better able to adapt than others, and 
various anatomical, structural, and biochemical mechanisms account for acclimation. 

30 Under natural and agriculture conditions, plants must constantly 

endure stress. Some environmental factors can become stressful in a very short period 
of time (e.g., high or low temperature) or may take long periods of time to stress 
plants (e.g., soil water content or mineral nutrients). Generally, environmental stress 
effecting plants can be in the form of climate related stress, air pollution stress, 
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chemical stress, and nutritional stress. Examples of climate related stress include 
drought, water, frost, cold temperature, high temperature, excessive light, and 
insufficient light. Air pollution stress can be in the form of carbon dioxide, carbon 
monoxide, sulfur dioxide, NO x , hydrocarbons, ozone, ultraviolet radiation, and acidic 
5 rain. Chemical stress can result from application of insecticides, fungicides, 
herbicides, and heavy metals. Nutritional stress can be caused by fertilizers, 
micronutrients, and macronutrients. 

For most plants, water is essential for growth. Some plants are able to 
preserve some water in the soil for later use, while others complete their life cycles 

1 0 during a wet season before the onset of any drought. Other plants are able to 

aggressively consume water to save themselves while causing water deprivation for 
other plants in that location. Plants lacking any of these capabilities are severely 
hampered by the absence of water. 

Chilling injury occurs in sensitive species at temperatures that are too 

1 5 low for normal growth but not sufficiently low to form ice. Such injury typically 

occurs in species of tropical or subtropical origin. When chilling occurs, discoloration 
or lesions appear on leaves giving them a water-soaked appearance. If roots are 
chilled, the plants may wilt. On the other hand, freezing temperatures and the 
accompanying formation of ice crystals in plants can be lethal if ice crystals extend 

20 into protoplasts or remain for long periods. 

Stress is also caused by the other temperature extremes with few plants 
being able to survive high temperatures. When higher plant cells or tissues are 
dehydrated or are not growing, they can survive higher temperatures than cells which 
are hydrated, vegetative, and growing. Tissues which are actively growing can rarely 

25 survive at temperatures above 45°C. 

High salt concentrations are another form of environmental stress 
which can afflict plants. In natural conditions, such high concentrations of salt are 
found close to seashores and estuaries. Farther inland, natural salt may seep from 
geological deposits adjoining agricultural areas. In addition, salt can accumulate in 

30 irrigation water when pure water is evaporated or transpired from soil. About 1/3 of 
all irrigated farmland is effected by high salt concentrations. High salt content not 
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only injures plants but degrades soil structure by decreasing porosity and water 
permeability. 

Air pollution in the form of ozone, carbon dioxide, carbon monoxide, 
sulfur dioxide, NO x , and hydrocarbons can very adversely effect plant growth by 
5 creating smog and environmental warming. 

The present invention is directed to overcoming various forms of 
environmental stress and imparting resistance in plants to such stress. 
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SUMMARY OF THE INVENTION 



The present invention relates to the use of a hypersensitive response 
elicitor protein or polypeptide to impart stress resistance to plants. In one 
embodiment of the present invention, the hypersensitive response elicitor protein or 
polypeptide is applied to plants or plant seeds under conditions effective to impart 
1 5 stress resistance. Alternatively, stress resistance is imparted by providing a transgenic 
plant or plant seed transformed with a DNA molecule which encodes for a 
hypersensitive response elicitor protein or polypeptide and growing the transgenic 
plant or plants produced from the transgenic plant seeds under conditions effective to 
impart stress resistance. 
20 Stress encompasses any environmental factor having an adverse effect 

on plant physiology and development Examples of such environmental stress include 
climate-related stress (e.g., drought, water, frost, cold temperature, high temperature, 
excessive light, and insufficient light), air polllution stress (e.g., carbon dioxide, 
carbon monoxide, sulfur dioxide, NO x , hydrocarbons, ozone, ultraviolet radiation, 
25 acidic rain), chemical (e.g., insecticides, fungicides, herbicides, heavy metals), and 
nutritional stress (e.g., fertilizer, micronutrients, macronutrients). Applicants have 
found that use of hypersensitive response elicitors in accordance with the present 
invention impart resistance to plants against such forms of environmental stress. 

30 DETAILED DESCRIPTION OF THE INVENTION 



The present invention relates to the use of a hypersensitive response 
elicitor protein or polypeptide to impart stress resistance to plants. In one 
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embodiment of the present invention, the hypersensitive response elicitor protein or 
polypeptide is applied to plants or plant seeds under conditions effective to impart 
stress resistance. Alternatively, the stress resistance is imparted by providing a 
transgenic plant or plant seed transformed with a DN A molecule which encodes for a 
5 hypersensitive response elicitor protein or polypeptide and growing the transgenic 
plant or plants produced from the transgenic plant seeds under conditions effective to 
impart stress resistance. 

The hypersensitive response elicitor polypeptides or proteins according 
to the present invention are derived from hypersensitive response elicitor polypeptides 
10 or proteins of a wide variety of fungal and bacterial pathogens. Such polypeptides or 
proteins are able to elicit local necrosis in plant tissue contacted by the elicitor. 
Examples of suitable bacterial sources of polypeptide or protein elicitors include 
Erwinia, Pseudomonas, mdXanthamonas species (e.g., the following bacteria; 
Erwinia amylovora, Erwinia chrysanthemU Erwinia stewartii, Erwinia carotovora, 
1 5 Pseudomonas syringae, Pseudomonas solancearum, Xanthomonas campestris, and 
mixtures thereof). In addition to hypersensitive response elicitors from these Gram 
negative bacteria, it is possible to use elicitors from Gram positive bacteria. One 
example is Clavibacter michiganensis subsp. sapedonicus. 

An example of a fungal source of a hypersensitive response elicitor 
20 protein or polypeptide is Phytophthora. Suitable species of Phytophthora include 
Phytophthora parasitica, Phytophthora cryptogea, Phytophthora cinnamomi, 
Phytophthora capsici, Phytophthora megasperma, and Phytophthora citrophthora. 

The hypersensitive response elicitor polypeptide or protein from 
Erwinia chrysanthemi has an amino acid sequence corresponding to SEQ. ID. No. 1 
25 as follows: 

Met Gin He Thr lie Lys Ala Hie He Gly Gly Asp Leu Gly Val Ser 
1 5 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 
30 20 25 30 

Leu Gly Ser Ser Val Asp Lys Leu Ser Ser Thr He Asp Lys Leu Thr 
35 40 45 



Ser Ala Leu Thr Ser Met Met Phe Gly Gly Ala Leu Ala Gin Gly Leu 
50 55 €0 
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Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 70 75 80 

Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 
85 90 95 

5 Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 

100 105 110 

Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 
115 120 125 

Leu Ala Asn Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
10 130 135 140 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser lie Leu Gly 
145 150 155 160 

Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 
165 170 175 

15 Ala Gly Gly Leu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 

180 185 190 

Gly Asn Ala lie Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 
195 200 205 

Leu Ser Asn Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 
20 210 215 220 

Asp Lys Glu Asp Arg Gly Met Ala Lys Glu lie Gly Gin Phe Met Asp 
225 230 235 240 

Gin Tyr Pro Glu lie Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 
245 250 255 

25 Ser Ser Pro Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 

260 265 270 

Pro Asp Asp Asp Gly Met Thr Gly Ala Ser Met Asp Lys Phe Arg Gin 
275 280 285 

Ala Met Gly Met lie Lys Ser Ala Val Ala Gly Asp Thr Gly Asn Thr 
30 290 295 300 

Asn Leu Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly lie Asp Ala 
305 310 315 320 

Ala Val Val Gly Asp Lys He Ala Asn Met Ser Leu Gly Lys Leu Ala 
325 330 335 

35 Asn Ala 



This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
34 kDa, is heat stable, has a glycine content of greater than 16%, and contains 
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substantially no cysteine. The Erwinia chtysanthemi hypersensitive response elicitor 
polypeptide or protein is encoded by a DNA molecule having a nucleotide sequence 
corresponding to SEQ. ID. No. 2 as follows: 

5 CGATTTTACC CGGGTGAACG TGCTATQACC GACAGCATCA CGGTATTCGA CACCGTTACG 60 

GOGTTTATGG CCGCGATGAA CCGGCATCAG GCGGCGCGCT GGTCGCCGCA ATCCGGCGTC 120 

GATCTGGTAT TTCAGTTTGG GGACACCGGG CGTGAACTCA TGATGCAGAT TCAGCCGGGG 180 

CAGCAATATC CCGGCATGTT GOGCACGCTG CTCGCTCGTC GTTATCAGCA GGCGGCAGAG 240 

TGCGATGGCT GCCATCTGTG CCTGAACGGC AGOGATGTAT TGATCCTCTG GTGGCCGCTG 300 

10 CCGTCGGATC CCGGCAGTTA TCCGCAGGTG ATCGAACGTT TGTTTGAACT GGCGGGAATG 360 

ACGTTGCCGT CGCTATCCAT AGCACCGACG GCGCGTCCGC AGACAGGGAA CGGACGCGCC 420 

CGATCATTAA GATAAAGGCG GCTTTTTTTA TTGCAAAAOG GTAACGGTGA GGAACCGTTT 480 

CACCGTCGGC GTCACTCAGT AACAAGTATC CATCATGATG CCTACATCGG GATCGGCGTG 540 

GGCATCCGTT GCAGATACTT TTGCGAACAC CTGACATGAA TGAGGAAACG AAATTATGCA 600 

15 AATTACGATC AAAGCGCACA TCGGCGGTGA TTTGGGCGTC TCCGGTCTGG GGCTGGGTGC 660 

TCAGGGACTG AAAGGACTGA ATTCCGCGGC TTCATCGCTG GGTTCCAGCG TGGATAAACT 720 

GAGCAGCACC ATOGATAAGT TGACCTCCGC GCTGACTTCG ATGATGTTTG GCGGCGCGCT 780 

GGCGCAGGGG CTGGGCGCCA GCTOGAAGGG GCTGGGGATG AGCAATCAAC TGGGCCAGTC 840 

TTTCGGCAAT GGCGCGCAGG GTGOGAGCAA CCTGCTATCC GTACCGAAAT CCGGCGGCGA 900 

20 TGCGTTGTCA AAAATGTTTG ATAAAGCGCT GGACGATCTG CTGGGTCATG ACACCGTGAC 960 

CAAGCTGACT AACCAGAGCA ACCAACTGGC TAATTCAATG CTGAACGCCA GCCAGATGAC 1020 

CCAGGGTAAT ATGAATGCGT TQGGCAGCGG TGTGAACAAC GCACTGTCGT CCATTCTCGG 1080 

CAACGGTCTC GGCCAGTCGA TGAGTGGCTT CTCTCAGCCT TCTCTGGGGG CAGGCGGCTT 1140 

GCAGGGCCTG AGCGGCGCGG GTGCATTCAA CCAGTTGGGT AATGCCATCG GCATGGGCGT 1200 

25 GGGGCAGAAT GCTGCGCTGA GTGCGTTGAG TAACGTCAGC ACCCACGTAG ACGGTAACAA 1260 

COGCCACTTT GTAGATAAAG AAGATCGCGG CATGGCGAAA GAGATCGGCC AGTTTATGGA 1320 

TCAGTATCCG GAAATATTGG GTAAACCGGA ATACCAGAAA GATGGCTGGA GTTCGCCGAA 1380 

GACGGACGAC AAATCCTGGG CTAAAGCGCT GAGTAAACCG GATGATGACG GTATGACCGG 1440 

CGCCAGCATG GACAAATTCC GTCAGGCGAT GGGTATGATC AAAAGCGCGG TGGCGGGTGA 1500 

30 TACCGGCAAT ACCAACCTGA ACCTGCX3TGG CGCGGGCGGT GCATCGCTGG GTATCGATGC 1560 

GGCTGTCGTC GGCGATAAAA TAGCCAACAT GTCGCTGGGT AAGCTGGCCA ACGCCTGATA 1620 
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ATCTGTGCTG GCCTGATAAA GCGGAAACGA AAAAAGAGAC GGGGAAGCCT GTCTCTTTTC 1680 

TTATTATGCG GTTTATGCGG TTACCTGGAC CGGTTAATCA TCGTCATCGA TCTGGTACAA 1740 

ACGCACATTT TCCCGTTCAT TCGCGTCGTT ACGCGCCACA ATCGCGATGG CATCTTCCTC 1800 

GTCGCTCAGA TTGCGCGGCT GATGGGGAAC GCCGGGTGGA ATATAGAGAA ACTCGCCGGC 1860 

5 CAGATGGAGA CACGTCTGCG ATAAATCTGT GCCGTAACGT GTTTCTATCC GCCCCTTTAG 1920 

CAGATAGATT GCGGTTTCGT AATCAACATG GTAATGCGGT TCCGCCTGTG CGCCGGCOGG 1980 

GATCACCACA ATATTCATAG AAAGCTGTCT TGCACCTACC GTATCGCGGG AGATACCGAC 2040 

AAAATAGGGC AGTTTTTGCG TGGTATCCGT GGGGTGTTCC GGCCTGACAA TCTTGAGTTG 2100 

GTTCGTCATC ATCTTTCTCC ATCTGGGCGA CCTGATCGGT T 2141 

10 



15 



20 



30 



The hypersensitive response elicitor polypeptide or protein derived 
from Erwinia amylovora has an amino acid sequence corresponding to SEQ. ID. 
No. 3 as follows: 



Met Ser Leu Asn Thr Ser Gly Leu Gly Ala Ser Thr Met Gin lie Ser 
15 10 15 

He Gly Gly Ala Gly Gly Asn Asn Gly Leu Leu Gly Thr Ser Arg Gin 
20 25 30 

Asn Ala Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 
35 40 45 

Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 
50 55 60 

Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 
25 65 70 75 80 

Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 
85 v 90 95 

Gly Leu Ser Asn Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Asn Thr 
100 105 110 



Leu Gly Ser Lys Gly Gly Asn Asn Thr Thr Ser Thr Thr Asn Ser Pro 
115 120 125 



35 



Leu Asp Gin Ala Leu Gly lie Asn Ser Thr Ser Gin Asn Asp Asp Ser 
130 , 135 140 

Thr Ser Gly Thr Asp Ser Thr Ser Asp Ser Ser Asp Pro Met Gin Gin 
145 150 155 160 

Leu Leu Lys Met Phe Ser Glu He Met Gin Ser Leu Phe Gly Asp Gly 
165 170 175 
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Gin Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 
180 1B5 190 

Gly Glu Gin Asn Ala Tyr Lye Lye Gly Val Thr Aep Ala Leu Ser Gly 
195 200 205 

5 Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 

210 215 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
225 230 235 240 

Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 
10 245 250 255 

Leu Gly Asn Ala Val Gly Thr Gly He Gly Met Lys Ala Gly He Gin 
260 265 270 

Ala Leu Asn Asp He Gly Thr His Arg His Ser Ser Thr Arg Ser Phe 
275 280 285 

15 Val Asn Lys Gly Asp Arg Ala Met Ala Lys Glu He Gly Gin Phe Met 

290 295 300 

Asp Gin Tyr Pro Glu Val Phe Gly Lys Pro Gin Tyr Gin Lys Gly Pro 
305 310 315 320 

Gly Gin Glu Val Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser 
20 325 330 335 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 345 350 

Lys Ala Lys Gly Met He Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 
355 360 365 

25 Gly Asn Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 

370 375 380 

Ala Met Met Ala Gly Asp Ala He Asn Asn Met Ala Leu Gly Lys Leu 
385 390 395 400 



Gly Ala Ala 



30 



This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
about 39 kDa, has a pi of approximately 4.3, and is heat stable at 100°C for at least 10 
minutes. This hypersensitive response elicitor polypeptide or protein has substantially 
no cysteine. The hypersensitive response elicitor polypeptide or protein derived from 
35 Erwinia amylovora is more fully described in Wei, Z.-M., R. J. Laby, C. H. Zumoff, 
D. W. Bauer, S.-Y. He, A. Collmer, and S. V. Beer, "Harpin, Elicitor of the 
Hypersensitive Response Produced by the Plant Pathogen Erwinia amylovora? 
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Seisncs 257:85-88 (1992), which is hereby incorporated by reference. The DNA 
molecule encoding this polypeptide or protein has a nucleotide sequence 
corresponding to SEQ. ID. No. 4 as follows: 

5 AAGCTTCGGC ATGGCACGTT TGACCGTTGG GTCGGCAGGG TACGTTTGAA TTATTCATAA 60 

GAGGAATACG TTATGAGTCT GAATACAAGT GGGCTGGGAG CGTCAACGAT GCAAATTTCT 120 

ATCGGCGGTG CGGGCGGAAA TAACGGGTTG CTGGGTACCA GTCGCCAGAA TGCTGGGTTG 180 

GGTGGCAATT CTGCACTGGG GCTGGGCGGC GGTAATCAAA ATGATACCGT CAATCAGCTG 240 

GCTGGCTTAC TCACCGGCAT GATGATGATG ATGAGCATGA TGGGCGGTGG TGGGCTGATG 300 

GGCGGTGGCT TAGG0GGTGG CTTAGGTAAT GGCTTGGGTG GCTCAGGTGG CCTGGGCGAA 360 

GGACTGTCGA ACGCGCTGAA CGATATGTTA GGCGGTTCGC TGAACACGCT GGGCTCGAAA 420 

GGCGGCAACA ATACCACTTC AACAACAAAT TCCCCGCTGG ACCAGGCGCT GGGTATTAAC 4 80 

TCAACGTCCC AAAACGACGA TTCCACCTCC GGCACAGATT CCACCTCAGA CTCCAGCGAC 540 

CCGATGCAGC AGCTGCTGAA GATGTTCAGC GAGATAATGC AAAGCCTGTT TGGTGATGGG 600 

CAAGATGGCA CCCAGGGCAG TTCCTCTGGG GGCAAGCAGC CGACCGAAGG CGAGCAGAAC 660 

GCCTATAAAA AAGGAGTCAC TGATGOGCTG TCGGGCCTGA TGGGTAATGG TCTGAGCCAG 720 

CTCCTTGGCA ACGGGGGACT GGGAGGTGGT CAGGGCGGTA ATGCTGGCAC GGGTCTTGAC 780 

GGTTCGTCGC TGGGOGGCAA AGGGCTGCAA AACCTGAGOG GGCCGGTGGA CTACCAGCAG 840 

TTAGGTAACG CCGTGGGTAC CGGTATCGGT ATGAAAGCGG GCATTCAGGC GCTGAATGAT 900 

ATCGGTACGC ACAGGCACAG TTCAACCCGT TCTTTCGTCA ATAAAGGCGA TCGGGCGATG 960 

GCGAAGGAAA TCGGTCAGTT CATGGACCAG TATCCTGAGG TGTTTGGCAA GCCGCAGTAC 1020 

CAGAAAGGCC CGGGTCAGGA GGTGAAAACC GATGACAAAT CATGGGCAAA AGCACTGAGC 1080 

AAGCCAGATC AOGAOGGAAT GACACCAGCC AGTATGGAGC AGTTCAACAA AGCCAAOGGC 114 0 

ATGATCAAAA GGCCCATGGC GGGTGATACC GGCAACGGCA ACCTGCAGGC ACGCGGTGCC 1200 

GGTGGTTCTT CGCTGGGTAT TGATGCCATG ATGGCCGGTG ATGCCATTAA CAATATGGCA 1260 

CTTGGCAAGC TGGGCGCGGC TTAAGCTT 1288 

Another potentially suitable hypersensitive response elicitor from 
Envinia amylovora is disclosed in U.S. Patent Application Serial No. 09/120,927, 
which is hereby incorporated by reference. The protein is encoded by a DNA 
molecule having a nucleic acid sequence of SEQ. ID. No. 5 as follows: 
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ATGTCAATTC TTACGCTTAA CAACAATACC TCGTCCTCGC CGGGTCTGTT CCAGTCCGGG 60 

GGGGACAACG GGCTTGGTGG TCATAATGCA AATTCTGCGT TGGGGCAACA ACCCATCGAT 120 

5 

CGGCAAACCA TTGAGCAAAT GGCTCAATTA TTGGCGGAAC TGTTAAAGTC ACTGCTATCG 180 

CCACAATCAG GTAATGCGGC AACCGGAGCC GGTGGCAATG ACCAGACTAC AGGAGTTGGT 240 

10 AACGCTGGCG GCCTGAACGG ACGAAAAGGC ACAGCAGGAA CCACTCCGCA GTCTGACAGT 300 

CAGAACATGC TGAGTGAGAT GGGCAACAAC GGGCTGGATC AGGCCATCAC GCCCGATGGC 360 

CAGGGCGGCG GGCAGATCGG CGATAATCCT TTACTGAAAG CCATGCTGAA GCTTATTGCA 420 

15 

CGCATGATGG ACGGCCAAAG CGATCAGTTT GGCCAACCTG GTACGGGCAA CAACAGTGCC 480 

TCTTCCGGTA CTTCTTCATC TGGCGGTTCC CCTTTTAACG ATCTATCAGG GGGGAAGGCC 540 

20 CCTTCCGGCA ACTCCCCTTC CGGCAACTAC TCTCCCGTCA GTACCTTCTC ACCCCCATCC 600 

ACGCCAACGT . CCCCTACCTC ACCGCTTGAT TTCCCTTCTT CTCCCACCAA AGCAGCCGGG 660 

GGCAGCACGC CGGTAACCGA TCATCCTGAC CCTGTTGGTA GCGCGGGCAT CGGGGCCGGA 720 

25 

AATTCGGTGG CCTTCACCAG CGCCGGCGCT AATCAGACGG TGCTGCATGA CACCATTACC 780 

GTGAAAGCGG GTCAGGTGTT TGATGGCAAA GGACAAACCT TCACCGCCGG TTCAGAATTA 840 

30 GGCGATGGCG GCCAGTCTGA AAACCAGAAA CCGCTGTTTA TACTGGAAGA CGGTGCCAGC 900 

CTGAAAAACG TCACCATGGG CGACGACGGG GCGGATGGTA TTCATCTTTA CGGTGATGCC 960 

AAAATAGACA ATCTGCACGT CACCAACGTG GGTGAGGACG CGATTACCGT TAAGCCAAAC 1020 

35 

AGCGCGGGCA AAAAATCCCA CGTTGAAATC ACTAACAGTT CCTTCGAGCA CGCCTCTGAC 1080 

AAGATCCTGC AGCTGAATGC OGATACXAAC CTGAGCGTTG ACAACGTGAA GGCCAAAGAC 1140 

40 TTTGGTACTT TTGTAOGCAC TAACGGCGGT CAACAGGGTA ACTGGGATCT GAATCTGAGC 1200 

CATATCAGCG CAGAAGACGG TAAGTTCTCG TTCGTTAAAA GCGATAGCGA GGGGCTAAAC 1260 

GTCAATACCA GTGATATCTC ACTGGGTGAT GTTGAAAACC ACTACAAAGT GCCGATGTCC 1320 

GCCAACCTGA AGGTGGCTGA ATGA 1344 

See GenBank Accession No. U94513. The isolated DNA molecule of the present 

invention encodes a hypersensitive response elicitor protein or polypeptide having an 
amino acid sequence of SEQ. ID. No, 6 as follows: 

Met Ser lie Leu Thr Leu Asn Asn Asn Thr Ser Ser Ser Pro Gly Leu 

15 10 15 

Phe Gin Ser Gly Gly Asp Asn Gly Leu Gly Gly His Asn Ala Asn Ser 
20 25 30 

Ala Leu Gly Gin Gin Pro lie Asp Arg Gin Thr lie Glu Gin Met Ala 
35 40 45 
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10 



25 



40 



55 



Gin Leu Leu Ala Glu Leu Leu Lys Ser Leu Leu Ser Pro Gin Ser Gly 
50 55 60 

Asn Ala Ala Thr Gly Ala Gly Gly Asn Asp Gin Thr Thr Gly Val Gly 
65 70 7S 80 

Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 

Gin Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 
100 105 110 



Asp Gin Ala lie Thr Pro Asp Gly Gin Gly Gly Gly Gin lie Gly Asp 
15 " 115 120 125 

Asn Pro Leu Leu Lys Ala Met Leu Lys Leu He Ala Arg Met Met Asp 
130 135 140 

20 Gly Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 

145 150 155 160 



Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 
165 170 175 

Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
180 185 190 



Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 

30 195 200 205 

Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 
210 215 220 

35 val Thr Asp His Pro Asp Pro Val Gly Ser Ala Gly He Gly Ala Gly 

225 230 235 240 



Asn Ser Val Ala Phe Thr Ser Ala Gly Ala Asn Gin Thr Val Leu His 

245 250 255 

Asp Thr He Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 270 



Thr Phe Thr Ala Gly Ser Glu Leu Gly Asp Gly Gly Gin Ser Glu Asn 
45 275 280 285 

Gin Lys Pro Leu Phe He Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

50 Thr Met Gly Asp Asp Gly Ala Asp Gly He His Leu Tyr Gly Asp Ala 

305 310 315 320 



Lys He Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala He Thr 
325 330 335 

Val Lys Pro Asn Ser Ala Gly Lys Lys Ser His Val Glu He Thr Asn 
340 345 350 
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Ser Ser Phe Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 
355 360 365 

Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
5 370 375 380 

Val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 
385 390 395 400 

10 His He Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 

405 410 415 

Glu Gly Leu Asn Val Asn Thr Ser Asp He Ser Leu Gly Asp Val Glu 
420 425 430 

15 

Asn His Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 
43S 440 445 

20 This protein or polypeptide is acidic, rich in glycine and serine, and lacks cysteine. It 
is also heat stable, protease sensitive, and suppressed by inhibitors of plant 
metabolism. The protein or polypeptide of the present invention has a predicted 
molecular size of ca. 4.5 kDa. 

Another potentially suitable hypersensitive response elicitor from 
25 Erwinia amylovora is disclosed in U.S. Patent Application Serial No. 09/1 20,663, 
which is hereby incorporated by reference. The protein is encoded by a DNA 
molecule having a nucleic acid sequence of SEQ. ID- No. 7 as follows: 

ATGGAATTAA AATCACTGGG AACTGAACAC AAGGCGGCAG TACACACAGC GGCGCACAAC 60 

CCTGTGGGGC ATGGTGTTGC CTTACAGCAG GGCAGCAGCA GCAGCAGCCC GCAAAATGCC 120 

GCTGCATCAT TGGCGGCAGA AGGCAAAAAT CGTGGGAAAA TGCCGAGAAT TCACCAGCCA 180 

TCTACTGCGG CTGATGGTAT CAGCGCTGCT CACCAGCAAA AGAAATCCTT CAGTCTCAGG 24 0 

GGCTGTTTGG GGACGAAAAA ATTTTCCAGA TCGGCACCGC AGGGCCAGCC AGGTACCACC 300 

CACAGCAAAG GGGCAACATT GCGCGATCTG CTGGCGCGGG ACGAOGGOGA AACGCAGCAT 360 

GAGGCGGCCG CGCCAGATGC GGCGCGTTTG ACCCGTTCGG GCGGCGTCAA ACGCCGCAAT 420 

ATGGACGACA TGGCCGGGCG GCCAATGGTG AAAGGTGGCA GCGGCGAAGA TAAGGTACCA 4 B0 

ACGCAGCAAA AACGGCATCA GCTGAACAAT TT7GGCCAGA TGCGCCAAAC GATGTTGAGC 540 

AAAATGGCTC ACCCGGCTTC AGCCAACGCC GGOGATCGCC TGCAGCATTC ACCGCCGCAC 600 

ATCCCGGGTA GCCACCACGA AATCAAGGAA GAACCGGTTG GCTCCACCAG CAAGGCAACA 660 

ACGGCCCACG CAGACAGAGT GGAAATCGCT CAGGAAGATG ACGACAGCGA ATTCCAGCAA 720 

CTGCATCAAC AGCGG CTGGC GCGCGAACGG GAAAATCCAC CGCAGCCGCC CAAACTCGGC 780 

GTTGCCACAC OGATTAGOGC CAGGTTTCAG CCCAAACTGA CTGCGGTTGC GGAAAGCGTC 840 
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CTTGAGGGGA CAGATACCAC GCAGTCACCC CTTAAGCCGC AATCAATGCT GAAAGGAAGT 900 

GGAGCCGGGG TAACGCCGCT GGCGGTAACG CTGGATAAAG GCAAGTTGCA GCTGGCACCG 960 

5 

GATAATCCAC CCGCGCTCAA TACGTTGTTG AAGCAGACAT TGGGTAAAGA CACCCAGCAC 1020 

TATCTGGCGC ACCATGCCAG CAGCGACGGT AGCCAGCATC TGCTGCTGGA CAACAAAGGC 1080 

10 CACCTGTTTG ATATCAAAAG CACCGCCACC AGCTATAGCG TGCTGCACAA CAGCCACCCC 1140 

GGTGAGATAA AGGGCAAGCT GGOGCAGGCG GGTACTGGCT CCGTCAGCGT AGACGGTAAA 1200 

AGCGGCAAGA TCTCGCTGGG CAGCGGTACG CAAAGTCACA ACAAAACAAT GCTAAGCCAA 1260 

15 

CCGGGGGAAG CGCACCGTTC CTTATTAACC GGCATTTGGC AGCATCCTGC TGGCGCAGOG 1320 

CGGCCGCAGG GCGAGTCAAT CCGCCTGCAT GACGACAAAA TTCATATCCT GCATCCGGAG 1380 

20 CTGGGOGTAT GGCAATCTGC GGATAAAGAT ACCCACAGCC AGCTGTCTCG CCAGGCAGAC 1440 

GGTAAGCTCT ATGCGCTGAA AGACAACCGT ACCCTGCAAA ACCTCTCCGA TAATAAATCC 1500 

TCAGAAAAGC TGGTCGATAA AATCAAATCG TATTCCGTTG ATCAGCGGGG GCAGGTGGCG 1560 

25 

ATCCTGACGG ATACTCCCGG CCGCCATAAG ATGAGTATTA TGCCCTCGCT GGATGCTTCC 1620 

CCGGAGAGCC ATATTTCCCT CAGCCTGCAT TTTGCCGATG CCCACCAGGG GTTATTGCAC 1680 

30 GGGAAGTCGG AGCTTGAGGC ACAATCTGTC GCGATCAGCC ATGGGCGACT GGTTGTGGCC 1740 

GATAGCGAAG GCAAGCTGTT TAGCGCCGCC ATTCCGAAGC AAGGGGATGG AAACGAACTG 1800 

AAAATGAAAG CCATGCCTCA GCATGCGCTC GATGAACATT TTGGTCATGA CCACCAGATT 1860 

35 

TCTGGATTTT TCCATGACGA CCACGGCCAG CTTAATGCGC TGGTGAAAAA TAACTTCAGG 1920 

CAGCAGCATG CCTGCCCGTT GGGTAACGAT CATCAGTTTC ACCCCGGCTG GAACCTGACT 1980 

40 GATGCGCTGG TTATCGACAA TCAGCTGGGG CTGCATCATA CCAATCCTGA ACCGCATGAG 2040 

ATTCTTGATA TGGGGCATTT AGGCAGCCTG GCGTTACAGG AGGGCAAGCT TCACTATTTT 2100 

GACCAGCTGA CCAAAGGGTG GACTGGCGCG GAGTCAGATT GTAAGCAGCT GAAAAAAGGC 2160 

45 

CTGGATGGAG CAGCTTATCT ACTGAAAGAC GGTGAAGTGA AACGCCTGAA TATTAATCAG 2220 

AGCACCTCCT CTATCAAGCA CGGAACGGAA AACGTTTTTT CGCTGCCGCA TGTGCGCAAT 2280 

50 AAACCGGAGC CGGGAGATGC CCTGCAAGGG CTGAATAAAG ACGATAAGGC CCAGGCCATG 2340 

GCGGTGATTG GGGTAAATAA ATACCTGGCG CTGACGGAAA AAGGGGACAT TCGCTCCTTC 2400 

CAGATAAAAC CCGGCACCCA GCAGTTGGAG CGGCCGGCAC AAACTCTCAG CCGCGAAGGT 2460 

55 

ATCAGCGGCG AACTGAAAGA CATTCATGTC GACCACAAGC AGAACCTGTA TGCCTTGACC 2520 

CACGAGGGAG AGGTGTTTCA TCAGCCGCGT GAAGCCTGGC AGAATGGTGC CGAAAGCAGC 2580 

60 AGCTGGCACA AACTGGCGTT GCCACAGAGT GAAAGTAAGC TAAAAAGTCT GGACATGAGC 2640 

CATGAGCACA AACCGATTGC CACCTTTGAA GACGGTAGCC AGCATCAGCT GAAGGCTGGC 2700 

GGCTGGCACG CCTATGCGGC ACCTGAACGC GGGCCGCTGG CGGTGGGTAC CAGCGGTTCA 2760 

65 
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CAAACCGTCT TTAACCGACT AATGCAGGGG GTGAAAGGCA AGGTGATCCC AGGCAGCGGG 2820 

TTGACGGTTA AGCTCTCGGC TCAGACGGGG GGAATGACCG GCGCCGAAGG GCGCAAGGTC 28B0 

5 AGCAGTAAAT TTTCCGAAAG GATCCGCGCC TATGCGTTCA ACCCAACAAT GTCCACGCCG 2940 

CGACCGATTA AAAATGCTGC TTATGCCACA CAGCACGGCT GGCAGGGGCG TGAGGGGTTG 3000 

AAGCCGTTGT ACGAGATGCA GGGAGOGCTG ATTAAACAAC TGGATGCGCA TAACGTTCGT 3060 

10 

CATAACGCGC CACAGCCAGA TTTGCAGAGC AAACTGGAAA CTCTGGATTT AGGCGAACAT 3120 

GGCGCAGAAT TGCTTAACGA CATGAAGCGC TTCCGCGACG AACTGGAGCA GAGTGCAACC 3180 

15 CGTTCGGTGA CCGTTTTAGG TCAACATCAG GGAGTGCTAA AAAGCAACGG TGAAATCAAT 324 0 

AGOGAATTTA AGCCATCGCC CGGCAAGGCG TTGGTCCAGA GCTTTAAOGT CAATOGCTCT 3300 

GGTCAGGATC TAAGCAAGTC ACTGCAACAG GCAGTACATG CCACGCOGCC ATCCGCAGAG 3360 

20 

AGTAAACTGC AATCCATGCT GGGGCACTTT GTCAGTGCCG GGGTGGATAT GAGTCATCAG 3420 

AAGGGCGAGA TCCCGCTGGG CCGCCAGCGC GATCCGAATG ATAAAACCGC ACTGACCAAA 3480 

25 TCGCGTTTAA TTTTAGATAC CGTGACCATC GGTGAACTGC ATGAACTGGC CGATAAGGCG 3540 

AAACTGGTAT CTGACCATAA ACCCGATGCC GATCAGATAA AACAGCTGCG CCAGCAGTTC 3600 

GATACGCTGC GTGAAAAGOG GTATGAGAGC AATCCGGTGA AGCATTACAC CGATATGGGC 3660 

30 

TTCACCCATA ATAAGGCGCT GGAAGCAAAC TATGATGCGG TCAAAGCCTT TATCAATGCC 3720 

TTTAAGAAAG AGCACCACGG CGTCAATCTG ACCACGCGTA CCGTACTGGA ATCACAGGGC 3780 

35 AGTGCGGAGC TGGCGAAGAA GCTCAAGAAT ACGCTGTTGT CCCTGGACAG TGGTGAAAGT 3840 

ATGAGCTTCA GCCGGTCATA TGGCGGGGGC GTCAGCACTG TCTTTGTGCC TACCCTTAGC 3500 

AAGAAGGTGC CAGTTCCGGT GATCCCCGGA GCCGGCATCA CGCTGGATCG CGCCTATAAC 3960 

40 

CTGAGCTTCA GTCGTACCAG CGGCGGATTG AACGTCAGTT TTGGCCGCGA CGGCGGGGTG 4020 

AGTGGTAACA TCATGGTCGC TACCGGCCAT GATGTGATGC CCTATATGAC CGGTAAGAAA 4080 

45 ACCAGTGCAG GTAACGCCAG TGACTGGTTG AGCGCAAAAC ATAAAATCAG CCCGGACTTG 4140 

CGTATCGGCG CTGCTGTGAG TGGCACCCTG CAAGGAACGC TACAAAACAG CCTGAAGTTT 4200 

AAGCTGACAG AGGATGAGCT GCCTGGCTTT ATCCATGGCT TGAOGCATGG CACGTTGACC 4260 

50 

CCGGCAGAAC TGTTGCAAAA GGGGATCGAA CATCAGATGA AGCAGGGCAG CAAACTGACG 4320 

TTTAGCGTCG ATACCTCGGC AAATCTGGAT CTGCGTGCCG GTATCAATCT GAACGAAGAC 4380 

55 GGCAGTAAAC CAAATGGTGT CACTGCCCGT GTTTCTGCCG GGCTAAGTGC ATCGGCAAAC 4440 

CTGGCCGCCG GCTCGCGTGA ACGCAGCACC ACCTCTGGCC AGTTTGGCAG CACGACTTCG 4500 

GCCAGCAATA ACCGCCCAAC CTTCCTCAAC GGGGTCGGCG CGGGTGCTAA CCTGACGGCT 4560 

60 

GCTTTAGGGG TTGCCCATTC ATCTACGCAT. GAAGGGAAAC CGGTCGGGAT CTTCCOGGCA 4620 

TTTACCTCGA CCAATGTTTC GGCAGCGCTG GCGCTGGATA ACCGTACCTC ACAGAGTATC 4680 

65 AGCCTGGAAT TGAAGCGCGC GGAGCCGGTG ACCAGCAACG ATATCAGCGA GTTGACCTCC 4740 
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ACGCTGGGAA AACACTTTAA GGATAGOGCC ACAACGAAGA TGCTTGCCGC TCTCAAAGAG 4800 

TTAGATGACG CTAAGCCCGC TGAACAACTG CATATTTTAC AGCAGCATTT CAGTGCAAAA 4860 

5 

GATGTOGTCG GTGATGAACG CTACGAGGCG GTGCGCAACC TGAAAAAACT GGTGATACGT 4920 

CAACAGGCTG CGGACAGCCA CAGCATGGAA TTAGGATCTG CCAGTCACAG CACX3ACCTAC 4980 

10 AATAATCTGT CGAGAATAAA TAATGACGGC ATTGTCGAGC TGCTACACAA ACATTTCGAT 504 0 

GCGGCATTAC CAGCAAGCAG TGCCAAAOGT CTTGGTGAAA TGATGAATAA CGATCCGGCA 5100 

CTGAAAGATA TTATTAAGCA GCTGCAAAGT ACGCCG7TCA GCAGCGCCAG CGTGTCGATG 5160 

15 

GAGCTGAAAG ATGGTCTGCG TGAGCAGACG GAAAAAGCAA TACTGGACGG TAAGGTCGGT 5220 

CGTGAAGAAG TGGGAGTACT TTTCCAGGAT OGTAACAACT TGCGTGTTAA ATCGGTCAGC 5280 

20 GTCAGTCAGT CCGTCAGCAA AAGOGAAGGC TTCAATACCC CAGCGCTGTT ACTGGGGACG 5340 

AGCAACAGCG CTGCTATGAG CATGGAGCGC AACATCGGAA CCATTAATTT TAAATACJGGC 54 00 

CAGGATCAGA ACACCCCACG GCGATTTACC CTGGAGGGTG GAATAGCTCA GGCTAATCCG 54 60 

25 

CAGGTCGCAT CTGCGCTTAC TGATTTGAAG AAGGAAGGGC TGGAAATGAA GAGCTAA 5517 



This DNA molecule is known as the dspE gene for Erwinia amylovora. This isolated 
30 DNA molecule of the present invention encodes a protein or polypeptide which elicits 
a plant pathogen's hypersensitive response having an amino acid sequence of SEQ. 
ID. No. 8 as follows: 



Met Glu Leu Lys Ser Leu Gly Thr Glu His Lys Ala Ala Val His Thr 
35 1 5 10 15 

Ala Ala Hie Asn Pro Val Gly His Gly Val Ala Leu Gin Gin Gly Ser 
20 25 30 

40 Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Glu Gly 

35 40 45 

Lys Asn Arg Gly Lys Met Pro Arg He His Gin Pro Ser Thr Ala Ala 
50 55 60 

45 

Asp Gly He Ser Ala Ala His Gin Gin Lys Lys Ser Phe Ser Leu Arg 
65 70 75 80 

Gly Cys Leu Gly Thr Lys Lys Phe Ser Arg Ser Ala Pro Gin Gly Gin 
50 85 90 95 

Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
100 105 110 

55 Arg Asp Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 

IIS " 120 125 

Arg Leu Thr Arg Ser Gly Gly Val Lys Arg Arg Asn Met Asp Asp Met 
130 135 140 
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Ala Gly Arg Pro Met Val Lys Gly Gly Ser Gly Glu Asp Lye Val Pro 

145 150 155 160 

Thr Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 

165 170 175 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



60 



65 



Thr Met Leu Ser Lys Met Ala His Pro Ala Ser Ala Aen Ala Gly Asp 
180 185 190 

Arg Leu Gin His Ser Pro Pro His He Pro Gly Ser His His Glu He 
195 200 205 

Lys Glu Glu Pro Val Gly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 
210 215 220 

Asp Arg Val Glu He Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
225 230 235 240 

Leu His Gin Gin Arg Leu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 255 

Pro Lys Leu Gly Val Ala Thr Pro He Ser Ala Arg Phe Gin Pro Lys 
260 265 270 

Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 

Ser Pro Leu Lys Pro Gin Ser Met Leu Lys Gly Ser Gly Ala Gly Val 
230 295 300 

Thr Pro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 315 320 

Asp Asn Pro Pro Ala Leu Asn Thr Leu Leu Lys Gin Thr Leu Gly Lys 
325 330 335 

Asp Thr Gin His Tyr Leu Ala His His Ala Ser Ser Asp Gly Ser Gin 
340 345 350 

His Leu Leu Leu Asp Asn Lys Gly His Leu Phe Asp He Lys Ser Thr 
355 360 365 

Ala Thr Ser Tyr Ser Val Leu His Asn Ser His Pro Gly Glu He Lys 
370 375 380 

Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lys 
385 390 395 400 

Ser Gly Lys He Ser Leu Gly Ser Gly Thr Gin Ser His Asn Lys Thr 
405 410 415 

Met Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly He 
420 425 430 

Trp Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 4€0 

Gin Ser Ala Asp Lys Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
465 470 475 480 

Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
485 490 495 
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Asp Asn Lys Ser Ser Glu LyB Leu Val Asp Lys lie Lye Ser Tyr Ser 
500 505 510 

Val Asp Gin Arg Gly Gin Val Ala lie Leu Thr Asp Thr Pro Gly Arg 
515 520 525 



10 



His Lys Met Ser He Met Pro Ser Leu Asp Ala Ser Pro Glu Ser His 
530 535 540 

He Ser Leu Ser Leu His Phe Ala Asp Ala His Gin Gly Leu Leu His 
545 550 555 560 



15 



Gly Lys Ser Glu Leu Glu Ala Gin Ser Val Ala He Ser His Gly Arg 
565 570 575 

Leu Val Val Ala Asp Ser Glu Gly Lys Leu Phe Ser Ala Ala He Pro 
580 585 590 



20 



25 



30 



Lys Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 
595 600 605 

Ala Leu Asp Glu Hi 6 Phe Gly His Asp His Gin He Ser Gly Phe Phe 
610 615 620 

His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 
625 630 635 640 

Gin Gin His Ala Cys Pro Leu Gly Asn Asp Hie Gin Phe His Pro Gly 
645 650 655 

Trp Asn Leu Thr Asp Ala Leu Val He Asp Asn Gin Leu Gly Leu His 
660 665 670 



35 



40 



45 



His Thr Asn Pro Glu Pro His Glu He Leu Asp Met Gly His Leu Gly 
67S 680 685 

Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 
690 695 700 

Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lys Gin Leu Lys Lys Gly 
705 710 715 720 

Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 
725 730 735 

Asn He Asn Gin Ser Thr Ser Ser He Lys His Gly Thr Glu Asn Val 
740 745 750 



50 



55 



60 



65 



Phe Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 
755 760 765 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 
770 775 780 

Val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Asp He Arg Ser Phe 
785 790 795 800 

Gin He Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 815 

Ser Arg Glu Gly He Ser Gly Glu Leu Lys Asp He His Val Asp His 
820 825 830 

Lys Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 
835 840 845 



WO 00/28055 



PCT/US99/26039 



-18- 

Pro Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lys 
850 855 860 

Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 
5 865 870 875 880 

His Glu His Lys Pro lie Ala Thr Phe Glu Asp Gly Ser Gin His Gin 
885 890 895 

10 Leu Lys Ala Gly Gly Trp His Ala Tyr Ala Ala Pro Glu Arg Gly Pro 

900 905 910 



15 



30 



45 



60 



Leu Ala Val Gly Thr Ser Gly Ser Gin Thr Val Phe Asn Arg Leu Met 
915 920 925 

Gin Gly Val Lys Gly Lys Val He Pro Gly Ser Gly Leu Thr Val Lys 
930 935 940 



Leu Ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Val 
20 945 950 955 960 

Ser Ser Lys Phe Ser Glu Arg He Arg Ala Tyr Ala Phe Asn Pro Thr 
965 970 975 

25 Met Ser Thr Pro Arg Pro He Lye Asn Ala Ala Tyr Ala Thr Gin His 

980 985 990 



Gly Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 
995 " 1000 1005 

Ala Leu He Lys Gin Leu Asp Ala His Asn Val Arg His Asn Ala Pro 
1010 1015 1020 



Gin Pro Asp Leu Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 
35 1025 1030 1035 1040 

Gly Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1055 

40 Gin Ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 

1060 1065 1070 



Leu Lys Ser Asn Gly Glu He Asn Ser Glu Phe Lys Pro Ser Pro Gly 
1075 1080 1085 

Lys Ala Leu Val Gin Ser Phe Asn Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 1100 



Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 
50 1105 H10 1115 1120 

Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
1125 1130 1135 

55 Met Ser His Gin Lys Gly Glu tie Pro Leu Gly Arg Gin Arg Asp Pro 

1140 1145 1150 



Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu He Leu Asp Thr Val 
1155 1160 1165 

Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 1175 1180 



Asp His Lys Pro Asp Ala Asp Gin He Lys Gin Leu Arg Gin Gin Phe 
65 1185 1190 H95 1200 
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10 



25 



40 



55 



Asp Thr lieu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys His Tyr 

1205 ~ 1210 1215 

Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 

1220 1225 1230 

Ala Val Lys Ala Phe He Asn Ala Phe Lys Lys Glu His His Gly Val 

1235 1240 1245 

Asn Leu Thr Thr Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu Leu 

1250 1255 1260 



Ala Lys Lys Leu Lys Asn Thr Leu Leu Ser Leu Asp Ser Gly Glu Ser 
15 1265 1270 1275 1280 

Met Ser Phe Ser Arg Ser Tyr Gly Gly Gly Val Ser Thr Val Phe Val 
1285 1290 1295 

20 Pro Thr Leu Ser Lys Lye Val Pro Val Pro Val He Pro Gly Ala Gly 

1300 1305 1310 



He Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 
1315 1320 1325 

Gly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn He 
1330 1335 1340 



Met Val Ala Thr Gly His Asp Val Met Pro Tyr Met Thr Gly Lys Lys 
30 1345 1350 1355 1360 

Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys His Lys He 
1365 1370 1375 

35 ser Pro Asp Leu Arg He Gly Ala Ala Val Ser Gly Thr Leu Gin Gly 

1380 1385 1390 



Thr Leu Gin Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pro 
1395 1400 1405 

Gly Phe He His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu Leu 
1410 1415 1420 



Leu Gin Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu Thr 
45 1425 1430 1435 1440 

Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly He Asn 
1445 1450 1455 

50 Leu Asn Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 

1460 1465 1470 



Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 
1475 1480 1485 

Ser Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 
1490 1495 1500 



Arg Pro Thr Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Thr Ala 
60 1S05 1510 1515 1520 

Ala Leu Gly Val Ala His Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 1530 1535 
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15 



He Phe Pro Ala Phe Thr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
1540 1545 1550 

Asp Asn Arg Thr Ser Gin Ser He Ser Leu Glu Leu Lys Arg Ala Glu 
5 " 1555 1560 1565 

Pro Val Thr Ser Asn Asp He Ser Glu Leu Thr Ser Thr Leu Gly Lys 
1570 1575 1580 

10 His Phe Lys Asp Ser Ala Thr Thr Lys Met Leu Ala Ala Leu Lys Glu 

1585 1590 1595 1600 

Leu Asp Asp Ala Lys Pro Ala Glu Gin Leu His He Leu Gin Gin His 
1605 1610 1615 

Phe Ser Ala Lys Asp Val Val Gly Asp Glu Arg Tyr Glu Ala Val Arg 
1620 1625 1630 

Asn Leu Lys Lys Leu Val He Arg Gin Gin Ala Ala Asp Ser His Ser 
20 1635 1640 1645 

Met Glu Leu Gly Ser Ala Ser His Ser Thr Thr Tyr Asn Asn Leu Ser 
1650 1655 1660 

25 Arg He Asn Asn Asp Gly He Val Glu Leu Leu His Lys His Phe Asp 

1665 1670 1675 1680 

Ala Ala Leu Pro Ala Ser Ser Ala Lys Arg Leu Gly Glu Met Met Asn 
1685 1690 1695 

Asn Asp Pro Ala Leu Lys Asp He He Lys Gin Leu Gin Ser Thr Pro 
1700 1705 1710 



30 



Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lys Asp Gly Leu Arg Glu 
35 1715 1720 1725 

Gin Thr Glu Lys Ala He Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
1730 1735 1740 

40 Gly Val Leu Phe Gin Asp Arg Asn Asn Leu Arg Val Lys Ser Val Ser 

1745 1750 1755 1760 

Val Ser Gin Ser Val Ser Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
1765 1770 1775 

Leu Leu Gly Thr Ser Asn Ser Ala Ala Met Ser Met Glu Arg Asn He 
1780 1785 1790 



45 



Gly Thr He Asn Phe Lys Tyr Gly Gin Asp Gin Asn Thr Pro Arg Arg 
50 1795 1600 1805 

Phe Thr Leu Glu Gly Gly He Ala Gin Ala Asn Pro Gin Val Ala Ser 
1810 1815 1820 

55 Ala Leu Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 

1825 1830 1835 

This protein or polypeptide is about 198 kDa and has a pi of 8.98, 
60 The present invention relates to an isolated DNA molecule having a 

nucleotide sequence of SEQ. ID. No. 9 as follows: 
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ATGACATCGT CACAGCAGCG GGTTGAAAGG TTTTTACAGT ATTTCTCC6C CGGGTGTAAA 60 
ACGCCCATAC ATCTGAAAGA CGGGGTGTGC GCCCTGTATA ACGAACAAGA TGAGGAGGCG 120 

5 

GCGGTGCTGG AAGTACCGCA ACACAGCGAC AGCCTGTTAC TACACTGCCG AATCATTGAG 180 
GCTGACCCAC AAACTTCAAT AACCCTGTAT TCGATGCTAT TACAGCTGAA TTTTGAAATG 240 
10 GCGGCCATGC GCGGCTGTTG GCTGGCGCTG GATGAACTGC ACAACGTGCG TTTATGTTTT 300 
CAGCAGTCGC TGGAGCATCT GGATGAAGCA AGTTTTAGCG ATATCGTTAG CGGCTTCATC 360 
GAACATGCGG CAGAAGTGCG TGAGTATATA GCGCAATTAG ACGAGAGTAG CGCGGCATAA 420 

15 

This is known as the dspF gene. This isolated DNA molecule of the present invention 
encodes a hypersensitive response eiicitor protein or polypeptide having an amino 
acid sequence of SEQ. ID. No. 10 as follows: 

20 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Phe Ser 
15 10 IS 

Ala Gly Cya Lys Thr Pro lie His Leu Lys ABp Gly Val Cys Ala Leu 
25 20 25 30 

Tyr Asn Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro Gin His 
35 40 45 

30 Ser Asp Ser Leu Leu Leu His Cys Arg lie lie Glu Ala Asp Pro Gin 

50 55 60 

Thr Ser He Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
65 70 75 B0 

35 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 

Arg Leu Cys Phe Gin Gin Ser Leu Glu His Leu Asp Glu Ala Ser Phe 
40 100 105 110 

Ser Asp He Val Ser Gly Phe He Glu His Ala Ala Glu Val Arg Glu 
115 120 125 

45 Tyr He Ala Gin Leu Asp Glu Ser Ser Ala Ala 

130 135 



This protein or polypeptide is about 16 kDa and has a pi of 4.45. 
50 The hypersensitive response eiicitor polypeptide or protein derived 

from Pseudomonas syringae has an amino acid sequence corresponding to SEQ. ID. 
No. 1 1 as follows: 



55 



Met Gin Ser Leu Ser Ijeu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
15 10 15 
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Ala Leu Val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 30 

Ser Lyg Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 
5 35 40 45 

Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu Ala 
50 55 60 

Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp Val 
65 70 75 80 

10 He Ala Ala Leu Asp Lys Leu He His Glu Lys Leu Gly Asp Asn Phe 

85 90 95 

Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 
100 105 110 



15 



Thr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 125 



Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
130 135 140 



20 



Leu Asn Lys He Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe Pro 

145 150 155 160 

Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
165 170 175 



Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp He He 
180 1B5 190 

Gly Gin Gin Leu Gly Asn Gin Gin Ser Asp Ala Gly Ser Leu Ala Gly 
25 195 200 205 

Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser Ser 
210 215 220 

Val Met Gly Asp Pro Leu He Asp Ala Asn Thr Gly Pro Gly Asp Ser 
225 230 235 240 



30 



Gly Asn Thr Arg Gly Glu Ala Gly Gin Leu He Gly Glu Leu He Asp 
245 250 255 



Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 
260 265 270 

Asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 
35 275 280 285 

Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu Ala 
290 295 300 



Thr Leu Lys Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 
305 * 310 315 320 
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Ala Gin lie Ala Thr Leu Leu Val Ser Thr Leu lieu Gin Gly Thr Arg 
325 330 335 

Asn Gin Ala Ala Ala 
340 

5 

This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
34-35 kDa. It is rich in glycine (about 13.5%) and lacks cysteine and tyrosine. 
Further information about the hypersensitive response elicitor derived from 
Pseudomonas syringae is found in He, S. Y., H. C. Huang, and A. Collmer, 
1 0 "Pseudomonas syringae pv. syringae Harpinpss: a Protein that is Secreted via the Hrp 
Pathway and Elicits the Hypersensitive Response in Plants," Cell 73:1255-1266 
(1 993), which is hereby incorporated by reference. The DNA molecule encoding the 
hypersensitive response elicitor from Pseudomonas syringae has a nucleotide 
sequence corresponding to SEQ, ID. No. 12 as follows: 

15 

ATGCAGAGTC TCAGTCTTAA CAGCAGCTCG CTGCAAACCC CGGCAATGGC CCTTGTCCTG 60 
GTACGTCCTG AAGCCGAGAC GACTGGCAGT ACGTCGAGCA AGGCGCTTCA GGAAGTTGTC 120 
GTGAAGCTGG COGAGGAACT GATGCGCAAT GGTCAACTCG AOGACAGCTC GCCATTGGGA 180 
AAACTGTTGG CCAAGTCGAT GGCCGCAGAT GG CAAGGCGG GCGGCGGTAT TGAGGATGTC 240 
20 ATCGCTGCGC TGGACAAGCT GATCCATGAA AAGCTCGGTG ACAACTTCGG CGCGTCTGCG 300 
GACAGCGCCT CGGGTACCGG ACAGCAGGAC CTGATGACTC AGGTGCTCAA TGGCCTGGCC 360 
AAGTCGATGC TCGATGATCT TCTGACCAAG CAGGATGGCG GGACAAGCTT CTCCGAAGAC 420 
GATATGCCGA TGCTGAACAA GATCGCGCAG TTCATGGATG ACAATCCCGC ACAGTTTCCC 480 
AAGCCGGACT CGGGCTCCTG GGTGAACGAA CTCAAGGAAG ACAACTTCCT TGATGGCGAC 540 
GAAACGGCTG CGTTCCGTTC GGCACTCGAC ATCATTGGCC AGCAACTGGG TAATCAGCAG 600 
AGTGACGCTG GCAGTCTGGC AGGGACGGGT GGAGGTCTGG GCACTCCGAG CAGTTTTTCC 660 
AACAACTCGT CCGTGATGGG TGATCCGCTG ATCGACGCCA ATACCGGTCC CGGTGACAGC 720 
GGCAATACCC GTGGTGAAGC GGGGCAACTG ATCGGCGAGC TTATCGACCG TGGCCTGCAA 760 
TCGGTATTGG CCGGTGGTGG ACTGGGCACA CCCGTAAACA CCCCGCAGAC CGGTACGTCG 840 
GCGAATGGCG GACAGTCCGC TCAGGATCTT GATCAGTTGC TGGGCGGCTT GCTGCTCAAG 900 
GGCCTGGAGG CAACGCTCAA GGATGCCGGG CAAACAGGCA CCGACGTGCA GTCGAGCGCT 960 
GCGCAAATCG CCACCTTGCT GGTCAGTACG CTGCTGCAAG GCACCCGCAA TCAGGCTGCA 1020 
GCCTGA 1026 
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Another potentially suitable hypersensitive response elicitor from 
Pseudomonas syringae is disclosed in U.S. Patent Application Serial No. 09/120,817, 
which is hereby incorporated by reference. The protein has a nucleotide sequence of 
5 SEQ. ID. No. 13 as follows: 

TCCACTTCGC TGATTTTGAA ATTGGCAGAT TCATAGAAAC GTTCAGGTGT GGAAATCAGG 60 
CTGAGTGCGC AGATTTCGTT GATAAGGGTG TGGTACTGGT CATTGTTGGT CATTTCAAGG 120 

10 

CCTCTGAGTG CGGTGOGGAG CAATACCAGT CTTCCTGCTG GCGTGTGCAC ACTGAGTCGC 180 
AGGCATAGGC ATTTCAGTTC CTTGCGTTGG TTGGGCATAT AAAAAAAGGA ACTTTTAAAA 240 

15 ACAGTGCAAT GAGATGCCGG CAAAACGGGA ACCGGTCGCT GOGCTTTGCC ACTCACTTOG 300 
AGCAAGCTCA ACCCCAAACA TCCACATCCC TATCGAACGG ACAGCGATAC GGCCACTTGC 360 

TCTGGTAAAC CCTGGAGCTG GCX3TCGGTCC AATTGCCCAC TTAGOGAGGT AACGCAGCAT 420 

20 

GAGCATCGGC ATCACACCCC GGCCGCAACA GACCACCACG CCACTCGATT TTTCGGCGCT 480 

AAGCGGCAAG AGTCCTCAAC CAAACAOGTT CGGCGAGCAG AACACTCAGC AAGCGATCGA 540 

25 CCCGAGTGCA CTGTTGTTCG GCAGCGACAC ACAGAAAGAC GTCAACTTCG GCACGCCCGA 600 

CAGCACCGTC CAGAATCCGC AGGACGCCAG CAAGCCCAAC GACAGCCAGT CCAACATCGC 660 

TAAATTGATC AGTGCATTGA TCATGTCGTT GCTGCAGATG CTCACCAACT CCAATAAAAA 720 

30 

GCAGGACACC AATCAGGAAC AGCCTGATAG CCAGGCTCCT TTCCAGAACA ACGGCGGGCT 780 

CGGTACACCX5 TCGGCCGATA GCGOGGGCGG CGGTACACCG GATGCGACAG GTGGCGGCGG 840 
35 CGGTGATACG CCAAGCGCAA CAGGCGGTGG CGGCGGTGAT ACTCCGACCG CAACAGGCGG 900 

TGGCGGCAGC GGTGGOGGCG GCACACCCAC TGCAACAGGT GGCGGCAGCG GTGGCACACC 960 

CACTGCAACA GGCGGTGGCG AGGGTGGCGT AACACCGCAA ATCACTCCGC AGTTGGCCAA 1020 

40 

CCCTAACCGT ACCTCAGGTA CTGGCTCGGT GTCGGACACC GCAGGTTCTA CCGAGCAAGC 1080 

CGGCAAGATC AATGTGGTGA AAGACACCAT CAAGGTCGGC GCTGGCGAAG TCTTTGACGG 1140 

45 CCACGGCGCA ACCTTCACTG CCGACAAATC TATGGGTAAC GGAGACCAGG GCGAAAATCA 1200 

GAAGCCCATG TTCGAGCTGG CTGAAGGCGC TACGTTGAAG AATGTGAACC TGGGTGAGAA 1260 

CGAGGTCGAT GGCATCCACG TGAAAGCCAA AAACGCTCAG GAAGTCACCA TTGACAACGT 1320 

50 

GCATGCCCAG AACGTCGGTG AAGACCTGAT TACGGTCAAA GGCGAGGGAG GCGCAGCGGT 1380 

CACTAATCTG AACATCAAGA ACAGCAGTGC CAAAGGTGCA GACGACAAGG TTGTCCAGCT 1440 

55 CAACGCCAAC ACTCACTTGA AAATCGACAA CTTCAAGGCC GACGATTTCG GCACGATGGT 1500 

TCGCACCAAC GGTGGCAAGC AGTTTGATGA CATGAGCATC GAGCTGAACG GCATCGAAGC 1560 

TAACCACGGC AAGTTOGCCC TGGTGAAAAG CGACAGTGAC GATCTGAAGC TGGCAACGGG 1620 

60 
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10 



25 



40 



CAACATCGCC ATGACCGACG TCAAACACGC CTACGATAAA ACCCAGGCAT CGACCCAACA 1680 
CACCGAGCTT TGAATCCAGA CAAGTAGCTT GAAAAAAGGG GGTGGACTC 1729 

This DNA molecule is known as the dspE gene for Pseudomonas syringae. This 
isolated DNA molecule of the present invention encodes a protein or polypeptide 
which elicits a plant pathogen's hypersensitive response having an amino acid 
sequence of SEQ. ID. No. 14 as follows: 

Met Ser lie Gly He Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 
15 10 15 



Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Asn Thr Phe Gly 
15 20 25 30 

Glu Gin Asn Thr Gin Gin Ala lie Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

20 Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 

50 55 60 



Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn lie 
65 70 75 AO 

Ala Lys Leu lie Ser Ala Leu He Met Ser Leu Leu Gin Met Leu Thr 
85 50 95 



Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
30 100 105 110 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

35 Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 

130 135 140 



Pro Ser Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 

145 150 155 160 

Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 

165 170 175 



Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
45 180 185 190 

Pro Gin He Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 200 205 

50 Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys He 

210 " 215 220 



55 



Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
225 230 235 240 
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Gly His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 

Gin Gly Glu Asn Gin Lys Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 
5 260 265 270 

Leu Lys Asn Val Asn Leu Gly Glu Asn Glu Val Asp Gly lie His Val 
275 280 285 

10 Lys Ala Lys Asn Ala Gin Glu Val Thr lie Asp Asn Val His Ala Gin 

290 295 300 



15 



Asn Val Gly Glu Asp Leu He Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn He Lys Asn ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 



Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lys He Asp Asn Phe 
20 340 345 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 

25 Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 

370 375 380 



30 



Lys Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 
385 390 395 400 

Gly Asn He Ala Met Thr Asp Val Lys His Ala Tyr Asp Lys Thr Gin 
405 410 415 



Ala Ser Thr Gin His Thr Glu Leu 
35 420 



This protein or polypeptide is about 42.9 kDa. 

40 The hypersensitive response elicitor polypeptide or protein derived 

from Pseudomonas solanacearum has an amino acid sequence corresponding to SEQ. 
ID. No. 15 as follows: 

Met Ser Val Gly Asn He Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 
45 1 5 10 15 

Asn Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
20 25 30 

Val Gin Asp Leu He Lys Gin Val Glu Lys Asp He Leu Asn He He 
35 40 45 

50 Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 

50 55 SO 
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Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 



15 



65 



70 75 60 



Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 90 95 

5 Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 

100 i° 5 110 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
10 130 "5 140 

Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 



145 



Glu Ala Leu Gin Glu He Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 I 70 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
180 I 85 190 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
19S 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
20 210 215 220 

Ala Gly Asp val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 
225 230 235 240 

Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys He Leu Asn 
245 250 255 

25 Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn Gin 

260 265 270 

Ala Gin Gly Gly Ser Lys Gly Ala Gly Asn Ala Ser Pro Ala Ser Gly 
275 280 285 

Ala Asn Pro Gly Ala Asn Gin Pro Gly Ser Ala Asp Asp Gin Ser Ser 
30 290 295 300 

Gin Asn Asn Leu Gin Ser Gin He Met Asp Val Val Lys Glu Val 
310 315 320 



Gly 
305 



Val Gin He Leu Gin Gin Met Leu Ala Ala Gin Asn Gly Gly Ser Gin 
325 330 335 

35 Gin Ser Thr Ser Thr Gin Pro Met 

340 

It is encoded by a DNA molecule having a nucleotide sequence corresponding SEQ. 
ID. No. 16 as follows: 
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ATGTCAGTCG GAAACATCCA GAGCCCGTCG AACCTCCCGG GTCTGCAGAA CCTGAACCTC 60 

AACACCAACA CCAACAGCCA GCAATCGGGC CAGTCCGTGC AAGACCTGAT CAAGCAGGTC 120 

GAGAAGGACA TCCTCAACAT CATCGCAGCC CTCGTGCAGA AGGCCGCACA GTCGGCGGGC 180 

GGCAACACCG GTAACACCGG CAACGCGCCG GCGAAGGACG GCAATGCCAA CGCGGGCGCC 240 

AACGACCCGA GCAAGAACGA CCCGAGCAAG AGCCAGGCTC CGCAGTCGGC CAACAAGACC 300 

GGCAACGTCG ACGACGCCAA CAACCAGGAT CCGATGCAAG CGCTGATGCA GCTGCTGGAA 360 

GACCTGGTGA AGCTGCTGAA GGCGGCCCTG CACATGCAGC AGCCCGGCGG CAATGACAAG 420 

GGCAACGGCG TGGGCGGTGC CAACGGCGCC AAGGGTGCOG GCGGCCAGGG CGGCCTGGCC 480 

GAAGCGCTGC AGGAGATCGA GCAGATCCTC GCCCAGCTOG GCGGCGGCGG TGCTGGCGCC 540 

GGCGGCGCGG GTGGOGGTGT CGGCGGTGCT GGTGGCGCGG ATGGCGGCTC OGGTGCGGGT 600 

GGCGCAGGCG GTGCGAACGG CGCCGACGGC GGCAATGGCG TGAACGGCAA CCAGGCGAAC 660 

GGCCCGCAGA ACGCAGGCGA TGTCAACGGT GCCAACGGCG CGGATGACGG CAGCGAAGAC 720 

CAGGGCGGCC TCACOGGCGT GCTGCAAAAG CTGATGAAGA TCCTGAACGC GCTGGTGCAG 780 

ATGATGCAGC AAGGCGGCCT CGGCGGCGGC AACCAGGCGC AGGGOGGCTC GAAGGGTGOC 840 

GGCAACGCCT CGCCGGCTTC CGGCGCGAAC CCGGGCGCGA ACCAGCCCGG TTCGGCGGAT 900 

GATCAATCGT CCGGCCAGAA CAATCTGCAA TCCCAGATCA TGGATGTGGT GAAGGAGGTC 960 

GTCCAGATCC TGCAGCAGAT GCTGGCGGCG CAGAACGGCG GCAGCCAGCA GTCCACCTCG 1020 

ACGCAGCCGA TGTAA 1035 



20 

Further information regarding the hypersensitive response elicitor polypeptide or 
protein derived from Pseudomonas solanacearum is set forth in Arlat, M, F. Van 
Gijsegem, J. C. Huet, J. C. Pemollet, and C. A. Boucher, "PopAl, a Protein which 
Induces a Hypersensitive-like Response in Specific Petunia Genotypes, is Secreted 
25 via the Hrp Pathway of Pseudomonas solanacearum" EMBQLL 1 3 :543-533 (1 994), 
which is hereby incorporated by reference. 

The hypersensitive response elicitor polypeptide or protein from 
Xanthomonas campestris pv. glycines has an amino acid sequence corresponding to 
SEQ. ID. No. 17 as follows: 



30 



Thr Leu lie Glu lieu Met lie Val Val Ala lie lie Ala He Leu Ala 
15 10 15 
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Ala lie Ala Leu Pro Ala Tyr Gin Asp Tyr 
20 25 



5 This sequence is an amino terminal sequence having only 26 residues from the 
hypersensitive response elicitor polypeptide or protein of Xanthomonas campestris 
pv. glycines. It matches with fimbria! subunit proteins determined in other 
Xanthomonas campestris pathovars. 

The hypersensitive response elicitor polypeptide or protein from 
1 0 Xanthomonas campestris pv. pelargonii is heat stable, protease sensitive, and has a 
molecular weight of 20 kDa. It includes an amino acid sequence corresponding to 
SEQ. ID. No. 18 as follows: 



Ser Ser Gin Gin Ser Pro Ser Ala Gly Ser Glu Gin Gin Leu Asp Gin 
15 1 5 10 15 

lieu Leu Ala Met 
20 



20 Isolation of Erwinia carotovora hypersensitive response elictor protein 

or polypeptide is described in Cui et al., "The RsmA Mutants of Erwinia carotovora 
subsp. carotovora Strain Ecc71 Overexpress hrp Necc and Elicit a Hypersensitive 
Reaction-like Response in Tobacco Leaves," MPMI T 9(7):565-73 (1996), which is 
hereby incorporated by reference. The hypersensitive response elicitor protein or 

25 polypeptide of Erwinia stewartii is set forth in Ahmad et al., "Harpin is Not 

Necessary for the Pathogenicity of Erwinia stewartii on Maize," flthlntM. Cong . 
Mnlec. Plant-Microbe Interact. . July 14-19, 1996 and Ahmad, et al., "Harpin is Not 
Necessary for the Pathogenicity of Erwinia stewartii on Maize," Ann. Mtg. Am. 
Phvtnpath. Soc . July 27-31, 1996, which are hereby incorporated by reference. 

30 Hypersensitive response elicitor proteins or polypeptides from 

Phytophthora parasitica, Phytophthora cryptogea, Phytophthora cinnamoni, 
Phytophthora capsici, Phytophthora megasperma, and Phytophora citrophthora are 
described in Kaman, et al., "Extracellular Protein Elicitors from Phytophthora: Most 
Specificity and Induction of Resistance to Bacterial and Fungal Phytopathogens," 

35 Mnlec. Plant-Microbe Interact. . 6(1): 15-25 (1993), Ricci et al., "Structure and 
Activity of Proteins from Pathogenic Fungi Phytophthora Eliciting Necrosis and 
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Acquired Resistance in Tobacco," Eur. J. Biochem. . 183:555-63 (1989), Ricci et aL, 
"Differential Production of Parasiticein, and Elicitor of Necrosis and Resistance in 
Tobacco, by Isolates of Phytophthora parasitica," Plant Path. 41 :298-307 (1992), 
Baillreul et al, "A New Elicitor of the Hypersensitive Response in Tobacco: A 
5 Fungal Glycoprotein Elicits Cell Death, Expression of Defence Genes, Production of 
Salicylic Acid, and Induction of Systemic Acquired Resistance " Plant J., 8(4):551-60 
(1995), and Bonnet et aL, "Acquired Resistance Triggered by Elicitors in Tobacco 
and Other Plants," Fur J. Plant Path.. 102:181-92 (1996), which are hereby 
incorporated by reference. 

1 0 Another hypersensitive response elicitor in accordance with the present 

invention is from Clavibacter michiganensis subsp. sepedonicus which is fully 
described in U.S. Patent Application Serial No. 09/136,625, which is hereby 
incorporated by reference. 

The above elicitors are exemplary. Other elicitors can be identified by 

1 5 growing fungi or bacteria that elicit a hypersensitive response under conditions which 
genes encoding an elicitor are expressed. Cell-free preparations from culture 
supernatants can be tested for elicitor activity (i.e. local necrosis) by using them to 
infiltrate appropriate plant tissues. 

Fragments of the above hypersensitive response elicitor polypeptides 

20 or proteins as well as fragments of full length elicitors from other pathogens are 
encompassed by the method of the present invention. 

Suitable fragments can be produced by several means. In the first, 
subclones of the gene encoding a known elicitor protein are produced by conventional 
molecular genetic manipulation by subcloning gene fragments. The subclones then 

25 are expressed in vitro or in vivo in bacterial cells to yield a smaller protein or peptide 
that can be tested for elicitor activity according to the procedure described below. 

As an alternative, fragments of an elicitor protein can be produced by 
digestion of a full-length elicitor protein with proteolytic enzymes like chymotrypsin 
or Staphylococcus proteinase A, or trypsin. Different proteolytic enzymes are likely 

30 to cleave elicitor proteins at different sites based on the amino acid sequence of the 
elicitor protein. Some of the fragments that result from proteolysis may be active 
elicitors of resistance. 
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In another approach, based on knowledge of the primary structure of 
the protein, fragments of the elicitor protein gene may be synthesized by using the 
PCR technique together with specific sets of primers chosen to represent particular 
portions of the protein. These then would be cloned into an appropriate vector for 
5 expression of a truncated peptide or protein. 

Chemical synthesis can also be used to make suitable fragments. Such 
a synthesis is carried out using known amino acid sequences for the elicitor being 
produced. Alternatively, subjecting a full length elicitor to high temperatures and 
pressures will produce fragments. These fragments can then be separated by 

1 0 conventional procedures (e.g., chromatography, SDS-PAGE). 

An example of suitable fragments of a hypersensitive response elicitor 
which do not elicit a hypersensitive response include fragments of the Envinia. 
Suitable fragments include a C-terminal fragment of the ammo acid sequence of SEQ. 
ID. No. 3, anN-terminal fragment of the amino acid sequence of SEQ. ID. No. 3, or 

15 an internal fragment of the amino acid sequence of SEQ. ID. No. 3. The C-terminal 
fragment of the amino acid sequence of SEQ. ID. No. 3 can span the following amino 
acids of SEQ. ID. No. 3: 1 69 and 403, 2 1 0 and 403, 267 and 403, or 343 and 403. 
The internal fragment of the amino acid sequence of SEQ. ID. No. 3 can span the 
following amino acids of SEQ. ID. No. 3: 105 and 179, 137 and 166, 121 and 150, or 

20 137 and 156. Other suitable fragments can be identified in accordance with the 
present invention. 

Another example of suitable fragments of a hypersensitive response 
elicitor which do elicit a hypersensitive response are Erwinia amylovora fragments 
including a C-terminal fragment of the amino acid sequence of SEQ. ID. No. 3, an N- 

25 terminal fragment of the amino acid sequence of SEQ. ID. No. 3, or an internal 

fragment of the amino acid sequence of SEQ. ID. No. 3. The C-terminal fragment of 
the amino acid sequence of SEQ. ID. No. 3 can span amino acids 105 and 403 of 
SEQ. ID. No. 3. The N-terminal fragment of the amino acid sequence of SEQ. ID. 
No. 3 can span the following amino acids of SEQ. ID. No. 3: 1 and 98, 1 and 104, 1 

30 and 122, 1 and 168, 1 and 218, 1 and 266, 1 and 342, 1 and 321, and 1 and 372. Hie 
internal fragment of the amino acid sequence of SEQ. ID. No. 3 can span the 
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following amino acids of SEQ. ID. No. 3: 76 and 209, 1 05 and 209, 99 and 209, 137 
and 204, 137 and 200, 109 and 204, 109 and 200, 137 and 1 80, and 105 and 1 80. 

Suitable DN A molecules are those that hybridize to the DNA molecule 
comprising a nucleotide sequence of SEQ. ID. Nos. 2, 4, 5, 7, 9, 12, 13, and 16 under 
5 stringent conditions. An example of suitable high stringency conditions is when 

hybridization is carried out at 65°C for 20 hours in a medium containing 1M NaCi, 50 
mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.1% sodium dodecyl sulfate, 0.2% ficoll, 
0.2% polyvinylpyrrolidone, 02% bovine serum albumin, 50 \im g/ml K coli DNA. 

Variants may be made by, for example, the deletion or addition of 

10 amino acids that have minimal influence on the properties, secondary structure and 
hydropathic nature of the polypeptide. For example, a polypeptide may be conjugated 
to a signal (or leader) sequence at the N-terminal end of the protein which co- 
translationally or post-translationally directs transfer of the protein. The polypeptide 
may also be conjugated to a linker or other sequence for ease of synthesis, 

1 5 purification, or identification of the polypeptide. 

The hypersensitive response elicitor of the present invention is 
preferably in isolated form (i.e. separated from its host organism) and more preferably 
produced in purified form (preferably at least about 60%, more preferably 80%, pure) 
by conventional techniques. Typically, the hypersensitive response elicitor of the 

20 present invention is produced but not secreted into the growth medium of recombinant 
host cells. Alternatively, the protein or polypeptide of the present invention is 
secreted into growth medium. In the case of unsecreted protein, to isolate the protein, 
the host cell (e.g., E. coli) carrying a recombinant plasmid is propagated, lysed by 
sonication, heat, or chemical treatment, and the homogenate is centrifuged to remove 

25 bacterial debris. The supernatant is then subjected to heat treatment and the 

hypersensitive response elicitor is separated by centrifugation. The supernatant 
fraction containing the hypersensitive response elicitor is subjected to gel filtration in 
an appropriately sized dextran or polyacrylamide column to separate the fragment. If 
necessary, the protein fraction may be further purified by ion exchange or HPLC. 

30 The DNA molecule encoding the hypersensitive response elicitor 

polypeptide or protein can be incorporated in cells using conventional recombinant 
DNA technology. Generally, this involves inserting the DNA molecule into an 
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expression system to which the DN A molecule is heterologous (i.e. not normally 
present). The heterologous DNA molecule is inserted into the expression system or 
vector in sense orientation and correct reading frame. The vector contains the 
necessary elements for the transcription and translation of the inserted protein-coding 
5 sequences. 

U.S. Patent No. 4,237,224 to Cohen and Boyer, which is hereby 
incorporated by reference, describes the production of expression systems in the form 
of recombinant plasmids using restriction enzyme cleavage and ligation with DNA 
ligase. These recombinant plasmids are then introduced by means of transformation 

1 0 and replicated in unicellular cultures including procaryotic organisms and eucaryotic 
cells grown in tissue culture. 

Recombinant genes may also be introduced into viruses, such as 
vaccina virus. Recombinant viruses can be generated by transfection of plasmids into 
cells infected with virus. 

1 5 Suitable vectors include, but are not limited to, the following viral 

vectors such as lambda vector system gtl 1, gt WES.tB, Charon 4, and plasmid vectors 
such as pBR322, pBR325, pACYC177, pACYC1084, pUC8, pUC9, pUC18, pUC19, 
pLG339, pR290, pKC37, pKClOl, SV 40, pBluescript H SK +/- or KS +/- (see 
"Stratagene Cloning Systems" Catalog (1993) from Stratagene, La Joila, Calif, which 

20 is hereby incorporated by reference), pQE, pIH821, pGEX, pET series (see F.W. 

Studier et. al., "Use of T7 RNA Polymerase to Direct Expression of Cloned Genes," 
Gene Expression Technology vol. 185 (1990), which is hereby incorporated by 
reference), and any derivatives thereof. Recombinant molecules can be introduced 
into cells via transformation, particularly transduction, conjugation, mobilization, or 

25 electroporation. The DNA sequences are cloned into the vector using standard 

cloning procedures in the art, as described by Sambrook et al., Molecular Cloning: A 
Laboratory Manual . Cold Springs Laboratory, Cold Springs Harbor, New York 
(1989), which is hereby incorporated by reference. 

A variety of host-vector systems may be utilized to express the protein- 

30 encoding sequence(s). Primarily, the vector system must be compatible with the host 
cell used Host-vector systems include but are not limited to the following: bacteria 
transformed with bacteriophage DNA, plasmid DNA, or cosmid DNA; 
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microorganisms such as yeast containing yeast vectors; mammalian cell systems 
infected with virus (e.g., vaccinia virus, adenovirus, etc.); insect cell systems infected 
with virus (e.g., baculovirus); and plant cells infected by bacteria. The expression 
elements of these vectors vaiy in their strength and specificities. Depending upon the 
5 host-vector system utilized, any one of a number of suitable transcription and 
translation elements can be used 

Different genetic signals and processing events control many levels of 
gene expression (e.g., DNA transcription and messenger RNA (mRNA) translation). 

Transcription of DNA is dependent upon the presence of a promotor 

10 which is a DNA sequence that directs the binding of RNA polymerase and thereby 
promotes mRNA synthesis. The DNA sequences of eucaryotic promotors differ from 
those of procaryotic promotors. Furthermore, eucaryotic promotors and 
accompanying genetic signals may not be recognized in or may not function in a 
procaryotic system, and, further, procaryotic promotors are not recognized and do not 

1 5 function in eucaryotic cells. 

Similarly, translation of mRNA in procaryotes depends upon the 
presence of the proper procaryotic signals which differ from those of eucaryotes. 
Efficient translation of mRNA in procaryotes requires a ribosome binding site called 
the Shine-Dalgarno ("SD") sequence on the mRNA. This sequence is a short 

20 nucleotide sequence of mRNA that is located before the start codon, usually AUG, 
which encodes the amino-terminal methionine of the protein. The SD sequences are 
complementary to the 3'-end of the 16S rRNA (ribosomal RNA) and probably 
promote binding of mRNA to ribosomes by duplexing with the rRNA to allow correct 
positioning of the ribosome. For a review on maximizing gene expression, see 

25 Roberts and Lauer, Methods in E nzvmologv. 68:473 (1979), which is hereby 
incorporated by reference. 

Promotors vary in their "strength" (i.e. their ability to promote 
transcription). For the purposes of expressing a cloned gene, it is desirable to use 
strong promotors in order to obtain a high level of transcription and, hence, 

30 expression of the gene. Depending upon the host cell system utilized, any one of a 
number of suitable promotors may be used For instance, when cloning in E. coli, its 
bacteriophages, or plasmids, promotors such as the T7 phage promotor, lac promotor, 
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trp promotor, recA promotor, ribosomal RNA promoter, the P R and Pl pilomotors of 
coliphage lambda and others, including but not limited, to lacUVS, ompF, bla, Ipp, 
and the like, may be used to direct high levels of transcription of adjacent DNA 
segments. Additionally, a hybrid trp-lac\JV5 (tac) promotor or other E. coli 
5 promoters produced by recombinant DNA or other synthetic DNA techniques may be 
used to provide for transcription of the inserted gene. 

Bacterial host cell strains and expression vectors may be chosen which 
inhibit the action of the promotor unless specifically induced. In certain operations, 
the addition of specific inducers is necessary for efficient transcription of the inserted 

1 0 DNA. For example, the lac operon is induced by the addition of lactose or IPTG 

(isopropylthio-beta-D-galactoside). A variety of other operons, such as trp^pro* etc., 
are under different controls. 

Specific initiation signals are also required for efficient gene 
transcription and translation in procaryotic cells. These transcription and translation 

1 5 initiation signals may vary in "strength" as measured by the quantity of gene specific 
messenger RNA and protein synthesized, respectively. The DNA expression vector, 
which contains a promotor, may also contain any combination of various "strong" 
transcription and/or translation initiation signals. For instance, efficient translation in 
E. coli requires an SD sequence about 7-9 bases 5' to the initiation codon ("ATG") to 

20 provide a ribosome binding site. Thus, any SD-ATG combination that can be utilized 
by host cell ribosomes may be employed. Such combinations include but are not 
limited to the SD-ATG combination from the cro gene or the N gene of coliphage 
lambda, or from the & coli tryptophan E, D, C, B or A genes. Additionally, any SD- 
ATG combination produced by recombinant DNA or other techniques involving 

25 incorporation of synthetic nucleotides may be used. 

Once the isolated DNA molecule encoding the hypersensitive response 
elicitor polypeptide or protein has been cloned into an expression system, it is ready 
to be incorporated into a host cell. Such incorporation can be carried out by the 
various forms of transformation noted above, depending upon the vector/host cell 

30 system. Suitable host cells include, but are not limited to, bacteria, virus, yeast, 
mammalian cells, insect, plant, and the like. 
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The present invention's method of imparting stress resistance to plants 
can involve applying the hypersensitive response elicitor polypeptide or protein in a 
non-infectious form to all or part of a plant or a plant seed under conditions effective 
for the elicitor to impart stress resistance. Alternatively, the hypersensitive response 

5 elicitor protein or polypeptide can be applied to plants such that seeds recovered from 
such plants themselves are able to impart stress resistance in plants. 

As an alternative to applying a hypersensitive response elicitor 
polypeptide or protein to plants or plant seeds in order to impart stress resistance in 
plants or plants grown from the seeds, transgenic plants or plant seeds can be utilized. 

1 0 When utilizing transgenic plants, this involves providing a transgenic plant 
transformed with a DNA molecule encoding a hypersensitive response elicitor 
polypeptide or protein and growing the plant under conditions effective to permit that 
DNA molecule to impart stress resistance to plants. Alternatively, a transgenic plant 
seed transformed with a DNA molecule encoding a hypersensitive response elicitor 

1 5 polypeptide or protein can be provided and planted in soil. A plant is then propagated 
from the planted seed under conditions effective to permit that DNA molecule to 
impart stress resistance to plants. 

The embodiment of the present invention where the hypersensitive 
response elicitor polypeptide or protein is applied to the plant or plant seed can be 

20 carried out in a number of ways, including: 1 ) application of an isolated 

hypersensitive response elicitor or 2) application of bacteria which do not cause 
disease and are transformed with a genes encoding the elicitor. In the latter 
embodiment, the elicitor can be applied to plants or plant seeds by applying bacteria 
containing the DNA molecule encoding a hypersensitive response elicitor polypeptide 

25 or protein. Such bacteria must be capable of secreting or exporting the elicitor so that 
the elicitor can contact plant or plant seed cells. In these embodiments, the elicitor is 
produced by the bacteria in planta or on seeds or just prior to introduction of the 
bacteria to the plants or plant seeds. 

The methods of the present invention can be utilized to treat a wide 

30 variety of plants or their seeds to impart stress resistance. Suitable plants include 

dicots and monocots. More particularly, useful crop plants can include: alfalfa, rice, 
wheat, barley, rye, cotton, sunflower, peanut, corn, potato, sweet potato, bean, pea, 
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chicory, lettuce, endive, cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, 
turnip, radish, spinach, onion, garlic, eggplant, pepper, celery, carrot, squash, 
pumpkin, zucchini, cucumber, apple, pear, melon, citrus, strawberry, grape, raspberry, 
pineapple, soybean, tobacco, tomato, sorghum, and sugarcane. Examples of suitable 
5 ornamental plants are: Arabidopsis thaliana, Saintpcadia y petunia, pelargonium, 
poinsettia, chrysanthemum, carnation, and zinnia. 

In accordance with the present invention, the term "stress" refers to 
drought, salt, cold temperatures (e.g., frost), chemical treatment (e.g., insecticides, 
fungicides, herbicides, fertilizers), water, excessive light, and insufficient light. 

1 0 The method of the present invention involving application of the 

hypersensitive response elicitor polypeptide or protein can be carried out through a 
variety of procedures when all or part of the plant is treated, including leaves, stems, 
roots, propagules (e.g., cuttings), etc. This may (but need not) involve infiltration of 
the hypersensitive response elicitor polypeptide or protein into the plant. Suitable 

1 5 application methods include high or low pressure spraying, injection, and leaf 
abrasion proximate to when elicitor application takes place. When treating plant 
seeds or propagules (e.g., cuttings), in accordance with the application embodiment of 
the present invention, the hypersensitive response elicitor protein or polypeptide, in 
accordance with present invention, can be applied by low or high pressure spraying, 

20 coating, immersion, or injection. Other suitable application procedures can be 

envisioned by those skilled in the art provided they are able to effect contact of the 
elicitor with cells of the plant or plant seed. Once treated with the hypersensitive 
response elicitor of the present invention, the seeds can be planted in natural or 
artificial soil and cultivated using conventional procedures to produce plants. After 

25 plants have been propagated from seeds treated in accordance with the present 
invention, the plants may be treated with one or more applications of the 
hypersensitive response elicitor protein or polypeptide to impart stress resistance to 
plants. 

The hypersensitive response elicitor polypeptide or protein, in 
30 accordance with the present invention, can be applied to plants or plant seeds alone or 
in a mixture with other materials. Alternatively, the hypersensitive response elicitor 
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polypeptide or protein can be applied separately to plants with other materials being 
applied at different times. 

A composition suitable for treating plants or plant seeds in accordance 
with the application embodiment of the present invention contains a hypersensitive 
5 response elicitor polypeptide or protein in a carrier. Suitable carriers include water, 
aqueous solutions, slurries, or dry powders. In this embodiment, the composition 
contains greater than 500 nM of the elicitor. 

Although not required, this composition may contain additional 
additives including fertilizer, insecticide, fungicide, nematacide, and mixtures thereof. 
10 Suitable fertilizers include (NH^NOj. An example of a suitable insecticide is 
Malathion. Useful fungicides include Captan. 

Other suitable additives include buffering agents, wetting agents, 
coating agents, and abrading agents. These materials can be used to facilitate the 
process of the present invention. In addition, the hypersensitive response elicitor can 
15 be applied to plant seeds with.other conventional seed formulation and treatment 
materials, including clays and polysaccharides. 

In the alternative embodiment of the present invention involving the 
use of transgenic plants and transgenic seeds, a hypersensitive response elicitor need 
not be applied topically to the plants or seeds. Instead, transgenic plants transformed 
20 with a DNA molecule encoding such an elicitor are produced according to procedures 
well known in the art 

The vector described above can be microinjected directly into plant 
cells by use of micropipettes to transfer mechanically the recombinant DNA. 
Crossway, Mol. Gen. Genetics. 202:179-85 (1985), which is hereby incorporated by 
25 reference. The genetic material may also be transferred into the plant cell using 
polyethylene glycol. Krens, et al., Nature . 296:72-74 (1982), which is hereby 
incorporated by reference. 

Another approach to transforming plant cells with a gene is particle 
bombardment (also known as biolistic transformation) of the host cell. This can be 
30 accomplished in one of several ways. The first involves propelling inert or 
biologically active particles at cells. This technique is disclosed in U.S. Patent 
Nos. 4,945,050, 5,036,006, and 5,1 00,792, all to Sanford et al., which are hereby 



WO 00/28055 



-39- 



PCT/US99/26039 



incorporated by reference. Generally, this procedure involves propelling inert or 
biologically active particles at the cells under conditions effective to penetrate th 
outer surface of the cell and to be incorporated within the interior thereof. When inert 
particles are utilized, the vector can be introduced into the cell by coating the particles 
5 with the vector containing the heterologous DNA. Alternatively, the target cell can be 
surrounded by the vector so that the vector is carried into the cell by the wake of the 
particle. Biologically active particles (e.g., dried bacterial cells containing the vector 
and heterologous DNA) can also be propelled into plant cells. 

Yet another method of introduction is fusion of protoplasts with other 

10 entities, either minicells, cells, lysosomes, or other fusible lipid-surfaced bodies. 
Fraley, et al, 1W Natl. Acad. Sci.USA . 79:1 859-63 (1982), which is hereby 
incorporated by reference. 

The DNA molecule may also be introduced into the plant cells by 
electroporation. Fromm et ah, Proc. Natl. Acad. Sci.IJSA. 82:5824 (1985), which is 

1 5 hereby incorporated by reference. In this technique, plant protoplasts are 

electroporated in the presence of plasmids containing the expression cassette. 
Electrical impulses of high field strength reversibly permeabilize biomembranes 
allowing the introduction of the plasmids. Electroporated plant protoplasts reform the 
cell wall, divide, and regenerate. 

20 Another method of introducing the DNA molecule into plant cells is to 

infect a plant cell vnHnAgrobacterium tumefaciens oiA. rhizogenes previously 
transformed with the gene. Under appropriate conditions known in the art, the 
transformed plant cells are grown to form shoots or roots, and develop further into 
plants. Generally, this procedure involves inoculating the plant tissue with a 

25 suspension of bacteria and incubating the tissue for 48 to 72 hours on regeneration 
medium without antibiotics at 25-28°C. 

Agrobacterium is a representative genus of the Gram-negative family 
Rhizobiaceae. Its species are responsible for crown gall (A, tumefaciens) and hairy 
root disease (A. rhizogenes). The plant cells in crown gall tumors and hairy roots are 

30 induced to produce amino acid derivatives known as opines, which are catabolized 
only by the bacteria. The bacterial genes responsible for expression of opines are a 
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convenient source of control elements for chimeric expression cassettes. In addition, 

assaying for the presence of opines can be used to identify transformed tissue. 

Heterologous genetic sequences can be introduced into appropriate 

plant cells, by means of the Ti plasmid of A. tumefaciens or the Ri plasmid oiA. 
5 rhizogenes. The Ti or Ri plasmid is transmitted to plant cells on infection by 

Agrobacterium and is stably integrated into the plant genome. J. Schell, Science, 

237: 1 176-83 (1987), which is hereby incorporated by reference. 

After transformation, the transformed plant cells must be regenerated 
Plant regeneration from cultured protoplasts is described in Evans et 
1 o al., Handbook of Plant Cell Cultures. Vol. 1 : (MacMillan Publishing Co., New York, 

1983); and Vasil LR. (ed.), Cell Culture a nd Somatic Cell Genetics of Plants. Acad. 

Press, Orlando, Vol. 1, 1984, and Vol. Ill (1986), which are hereby incorporated by 

reference. 

It is known that practically all plants can be regenerated from cultured 
1 5 cells or tissues, including but not limited to, all major species of sugarcane, sugar 
beets, cotton, fruit trees, and legumes. 

Means for regeneration vary from species to species of plants, but 
generally a suspension of transformed protoplasts or apetri plate containing 
transformed explants is first provided. Callus tissue is formed and shoots may be 
20 induced from callus and subsequently rooted. Alternatively, embryo formation can be 
induced in the callus tissue. These embryos germinate as natural embryos to form 
plants. The culture media will generally contain various amino acids and hormones, 
such as auxin and cytokinins. It is also advantageous to add glutamic acid and proline 
to the medium, especially for such species as com and alfalfa. Efficient regeneration 
25 will depend on the medium, on the genotype, and on the history of the culture. If 
these three variables are controlled, then regeneration is usually reproducible and 
repeatable. 

After the expression cassette is stably incorporated in transgenic plants, 
it can be transferred to other plants by sexual crossing. Any of a number of standard 
30 breeding techniques can be used, depending upon the species to be crossed. 

Once transgenic plants of this type are produced, the plants themselves 
can be cultivated in accordance with conventional procedure with the presence of the 
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gene encoding the hypersensitive response elicitor resulting in stress resistance to the 
plant. Alternatively, transgenic seeds or propagules (e.g., cuttings) are recovered 
from the transgenic plants. The seeds can then be planted in the soil and cultivated 
using conventional procedures to produce transgenic plants. The transgenic plants are 
5 propagated from the planted transgenic seeds under conditions effective to impart 
stress resistance to plants. While not wishing to be bound by theory, such stress 
resistance may be RNA mediated or may result from expression of the elicitor 
polypeptide or protein. 

When transgenic plants and plant seeds are used in accordance with the 

10 present invention, they additionally can be treated with the same materials as are used 
to treat the plants and seeds to which a hypersensitive response elicitor in accordance 
with the present invention is applied. These other materials, including a 
hypersensitive response elicitor in accordance with the present invention, can be 
applied to the transgenic plants and plant seeds by the above-noted procedures, 

15 including high or low pressure spraying, injection, coating, and immersion. Similarly, 
after plants have been propagated from the transgenic plant seeds, the plants may be 
treated with one or more applications of the hypersensitive response elicitor in 
accordance with the present invention to impart stress resistance. Such plants may 
also be treated with conventional plant treatment agents (e.g., insecticides, fertilizers, 

20 etc.). 

EXAMPLES 

Example 1 - Hypersensitive Response Elicitor-Treated Cotton is More 
25 Resistant to the Damage Caused by Insecticide Stress 

Aphids (Aphids gossypii) infect cotton during the entire growth season. 
The damage of aphid infection ranges from honeydew deposit that contaminates the 
lint and reduces crop value to defoliation that reduces or destroys crops. To protect 
30 plants from aphid infection, cotton is usually sprayed with insecticides, for example 
Asana XL when the infection pressure is not very high, and Admire when the 
infestation pressure is high. The effect of a hypersensitive response elicitor on aphids 
in cotton was studied by a trial involving a randomized complete block design. This 
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involved treatment with Erwinia amylovora hypersensitive response elicitor 
(i.e. HP- 1000™) at 20, 60, and 80 ppm and a chemical insecticide, Asana XL, at 
8 oziac. Each treatment involved foliar application beginning at cotyledon to three 
true leaves and thereafter at 14 day intervals using a backpack sprayer. Aphid counts 
5 and overall growth of the cotton were made immediately prior to spray application at 
14, 28, 35, and 42 days after the first treatment ("DAT 1"). Twenty-five randomly 
selected leaves per plot were collected at the first three sampling dates and the leaves 
per plot at the final sampling date. 



10 Results 

1 . Aphid control: The number of aphids in the hypersensitive 
response elicitor-treated cotton were significantly reduced in comparison to the 
chemical treated cotton (see Table 1). 



1 5 Table 1 . Aphid count per leaf on cotton after treatment with Asana XL® or 

HP-1000™ 

Number of aphids per leaf* 
No. sprays applied/days after treatment 

Treatment Rate 2 1/14DAT1 2/28DAT1 3/35DAT1 4/42DAT1 

Asana XL* 8oz7ac G\2a 32^1 MOOa 546.9 a 

HP-1000™ 20ug/ml 0.2 a 7.8 b 22.9 b 322.1a 

HP-1000™ 60ug/ml 0.1a 4.9 b 34.6 b 168.3 a 

HP-1000™ 80 ug/ml 0.0 a 2.7 b 25.8 b 510.2 a 

'Means followed by different letters are significantly different according to Duncan's MRT, 
P=0.05. 2 Rate for Asana XL® is for formulated product, rate for HP-1000™ is for active 
20 ingredient (a.i.). 



At 14 days after DAT 1, aphid counts were relatively low across all of 
the treatments, but by 28 days after DAT 1 (by which time two sprayings had been 

25 applied), the number of aphids per leaf were significantly greater in Asana XL-treated 
plants compared to the hypersensitive response elicitor-treated cottons. By 35 days 
after DAT 1 (by which time three sprayings had been applied), aphid counts had risen 
for all treatments, yet aphid counts per leaf were still significantly lower for 
hypersensitive response elicitor-treated cotton compared to the Asana XL treatment. 

30 Finally, at 42 days after DAT 1 (by which time four sprayings had been applied), the 
number of aphids per leaf had increased to a level that threatened to overwhelm the 
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plants even when treated with the standard chemical insecticide. To save the trial, 
another chemical, Pravado (Admire), was applied to all plots to eradicate aphids from 
the field. 

2. Hypersensitive response elicitor-treated cotton was more 
5 resistant to the damage caused by Pravado (Admire) and Asana. After the second 
chemical spraying, it was observed that cotton plants were stress shocked by the 
insecticides. The cotton plants previously treated with Asana and untreated control 
were defoliated. On most of the chemical-treated cotton, there were no leaves, or 
very few leaves, in the lower portion of plants. However, the hypersensitive response 

1 0 elicitor-treated plants, especially the plot where hypersensitive response elicitor was 
applied at 80 ppm, had no defoliation and the cotton plants were vigorous and healthy. 
By counting the number of mature balls, it clearly showed that hypersensitive 
response elicitor-treated plants (at 80 ppm) had more ball setting than chemical and 
untreated control (Table 2), indicating that hypersensitive response elicitor-treated 

1 5 plants were more tolerant to the stress caused by insecticide. 

Table 2. Number of Formed Cotton Balls Counted on Ten Plants 
in Each of Four Replicates Per Treatment 

20 Treatment No, balls/10 plgntVrgplicate 

UTC 28 

Chemical standard 6 

Hypersensitive Response Elicitor 3 5 

25 



Example 2 - Hypersensitive Response EHcitor-Treatcd Cucumbers are More 
Resistant to Drought 

30 A cucumber field trial was set up to test the effect of Erwinia 

amylovora hypersensitive response elicitor on disease control, tolerance to drought 
stress, and yield. Three different rates were tested, there at 15, 30, and 60 fig/ml. In 
addition to hypersensitive response elicitor treatment, there was an untreated control. 
Each treatment contained three replicate plots. When the first true leaf emerges, 

35 hypersensitive response elicitor was sprayed with a back bag sprayer. The second 
spray was applied ten days after the first spray. The third application was right after 
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the recovery of cucumber seedlings after the transplanting to the field. Individual 
treatment was randomly assigned in the field. 

When the first true leaf emerged (Day 0), a first application was 
sprayed. Usually cucumber seedlings are transplanted when seedlings show two true 
5 leaves. It has been known that the recovery rate after the transplanting is closely 
related to the size of the seedlings. Because of the drought, the seedlings were 
maintained in the nursery for an extra ten days and the second spray was applied on 
Day 10. Two days after the second spray, the plants were transplanted into fields and 
covered with plastic sheets. The plants had 4-5 true leaves. 

10 

Result 

The recovery rate of the transplanted cucumber seedlings was higher 
for the hypersensitive response elicitor-treated plants than for the untreated control. 
More than 80% of the hypersensitive response elicitor-treated cucumber seedlings 

1 5 survived, while only 57% untreated plants survived. 

Throughout the growth season, there was a serious drought problem. 
Early field visits indicated that hypersensitive response elicitor-treated plants had 
more root mass and better over-all growth. Hypersensitive response elicitor-treated 
cucumber started to flower 14 days earlier than untreated control cucumber. The 

20 early flowering resulted in an earlier harvest. In the first harvest, more than 

0.4 kilograms of cucumber fruits per plant were harvested from the hypersensitive 
response elicitor-treated cucumbers; however, virtually no fruit was harvested from 
untreated control. By the end of the season, untreated plants died due to severe 
drought, but hypersensitive response elicitor-treated plants were still alive and had 

25 one more harvest. 

The final yield was significantly different between hypersensitive 
response elicitor-treated and untreated plants. Hypersensitive response elicitor 
administered at the rate of 30 ppm produced three times greater yield than the control 
plants (Table 3). 

30 
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Tablc 3 . Yield Increase of Cucumber Fruit from Hypersensitive 
Response Elicitor Treated Plants 



Treatment 


Replicate 


kg/plant 


Yield/Replicate 


% of the Yield 
Increase 




I 


US 


37.5 




HP 15 


II 


1.00 


30.0 


103.8 


241 




III 


1.21 


36.3 






J 


1.54 


462 




HP 30 


n 


1.43 


42.9 


133.2 


339 




in 


1.47 


44.1 






i 


0.43 


12.9 




Control 


ii 


0.41 


12.3 


39.3 






in 


0.47 


14.1 





5 

The increased yield was partially attributed to hypersensitive response 
elicitor-induced growth enhancement and partially resulted from more tolerance of 
hypersensitive response elicitor-treated cucumber to drought, because usually the 
yield increase from hypersensitive response elicitor-induced growth enhancement is 
10 between 10-40%. 

Exampk 3 - Hypersensitive Response Elicitor-Treated Pepper is More Tolerant 
to Herbicide Stress 

1 5 Pepper seedlings were drenched with hypersensitive response elicitor 

at 20 ppm seven days before transplanting, sprayed seven days after the transplanting, 
and then, sprayed every fourteen days. Standard chemicals, Brave, Maneb, Kocide, 
and Admire, were used for the rest of the treatment. In addition to early growth 
enhancement, which resulted in a higher yield, larger fruit, and resistance to several 

20 diseases, hypersensitive response elicitor-treated pepper was more tolerant to 

herbicide damage. The pepper field was applied with the herbicide SENCOR which 
is not labeled for pepper. This herbicide is known to cause severe foliar damage to 
pepper in chemically-treated plants but not with hypersensitive response elicitor- 
treated plants. 

25 The difference between the adverse effect of the herbicide on the 

hypersensitive response elicitor and non-hypersensitive response elicitor treated plants 
is dramatic. Sec Table 4 below. Thirty-nine of the 60 elicitor-treated plants showed 
only minor damage by the herbicide, the damaged leaves were less than 20%. In 
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contrast, 53 out of the 60 chemically-treated pepper plants had severe damage, 40- 
57% of the leaves were damaged, and 20 plants were dead. The ability of 
hypersensitive response elicitors to help crops withstand the phytotoxic effects of a 
herbicide is very important benefit to in agricultural industry. 

5 

Table 4. Hypersensitive Response Elicitor-Treated Peppers are More 
Tolerant to Herbicide Damage. 

Treatment Damage Rating Damage Index % 

10 

1 2 3 4 5 6 41 

Hypersensitive 

Response Elicitor 1 38 17 3 1 0 
15 Chemicals 0 1 6 16 19 18 87 

Damage Rating: 1. No damage; 2. 0-20% leaves damaged; 3. 20-40% leaves damaged; 4. 
40-50% leaves damaged; 6. More than 75% leaves damaged or entire plant dead. 

20 Damage index = sum of each rating times the number of plants under the rating scale, divided 

by total number of plants times 6. 

Damage index for hypersensitive response elicitor-treated plants = 
1x1+2x38+3x17+4x3+5x1+6x0 x!00% = 41% 

25 

Example 4 - Hypersensitive Response Elicitor-Treated Pepper is More Tolerant 
to Herbicide Stress under Controlled Experimental Conditions 

30 A field trial was conducted to test if hypersensitive elicitor treated 

pepper would be more tolerant to herbicide stress. The trial contains 6 treatments and 
4 replicates for each treatment The treatments are described as follows: 

1 . Control, the peppers were neither treated by a hypersensitive 
35 response ("HR") elicitor nor by LEXONE™ herbicide (DuPont Agricultural Products, 

Wilmington, Delaware), 

2. Control pepper with application of 0. 1 5 pound LEXONE™ 
herbicide /acre. 

3 . Control pepper with application of 0.3 pound LEXONE™ 
40 herbicide /acre. 
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4. HR elicitor treatment with no application of LEXONE™ 
herbicide using a formulated product known as MESSENGER™ biopesticide (Eden 
Bioscience Corporation, Bothell, Washington) containing 3% HR elicitor protein was 
used. 

5 5 . HR elicitor treatment with application of 0. 1 5 pound 

LEXONE™ herbicide /acre. 

6. HR elicitor treatment with application of 0.3 pound 
LEXONE™ herbicide /acre. 

LEXONE™ contains the same active ingredient as SENCOR™ 

10 herbicide (Bayer, Kansas City, Missouri) used in Example 3. Pepper seedlings were 
drenched with MESSENGER™ solution at the concentration of HR elicitor protein of 
about 20 ppm seven days before transplanting into the field and then sprayed every 14 
days after the transplanting. LEXONE was applied at high (0.3 pound/acre) and low 
levels (0.15 pound/acre). 50 gallon water and 100 mL of the herbicide solution was 

1 5 introduced into the root zone of each plant in the respective treatment five weeks after 
transplant into the field. 

The treatments were evaluated for the percent of chlorosis caused by 
the LEXONE™ herbicide application and for the pepper yield. HR elicitor-treated 
plants exposed to the high rate of herbicide had significantly less chlorosis and 

20 produced 108 % more fruit in comparison to the non-hypersensitive response elicitor 
treated plants exposed to the same amount of herbicide. See Tables 5 and 6 below. 
There was no significant difference in the reduction of chlorosis at the low rate of 
herbicide between the HR elicitor treated and non-HR elicitor treated peppers. 
However, the HR elicitor treated plants produced 15% more fruit than the 

25 coiresponding control plants exposed to the same amount of herbicide. There was no 
chlorosis in either the check or HR elicitor-treated plants that did not receive 
LEXONE™ herbicide treatment 

The HR elicitor treated plants were much less severely affected by the 
herbicide application than the respective control plants at the high rate of herbicide. 

30 However, the amount of visual chlorosis was similar at the low rate for both the check 
and HR elicitor-treated plants. More importantly, the yields from both the high and 
low rate herbicide treatments of HR elicitor treated plants were less severely effected 
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by the herbicide than the checks. These findings further confirm that HR elicitors can 
help crops withstand the phytotoxic effects of herbicides and are very beneficial to the 
agricultural industiy. 

5 Table 5 . Reduction of Foliar Chlorosis and Increase in Yield in Hypersensitive 

Response Elicitor Treated Plants after Exposure to LEXONE™ Herbicide 







Percent i 


oliar chlorosis and yieW of pepper 


Treatment 










; : :,:£,•;• 




% difference 














respective ? 

control : ; > ' 














6(MES3E^C5ERS*fe 
JLEXONE™) 


•J3J5 

•xi: : :. : - i : : >::P.r. ••• 


30.00 


37.50 


3625 


40.00 


8.31 


108% 


3 (High rate 
XEXONE™} 




43.75 


51.25 


50.00 


51.25 


4.00 




5 (MESSENGER 71 * 




22.50 


28.75 


23.75 


27.50 


8.00 


15% 


2(LENQXE™) 

- ;: • v y 


1X50 


20.00 


25.00 


25.00 


23.75 


6.81 





Table 6, Weight of Harvested Peppers Increased in Hypersensitive Response 
1 0 Elicitor Treated Plants after Exposure to LEXONE™ Herbicide Compared 

to Check Plants, 



Treatment 




Weight of peppers harvested 12/1/98 in pounds 

infill ; ^ : 'iv V . . 


HP20 + Mgft rate JLEXONE™ 




Check + high rale LEXONE™ 


4.00 


HP20 + Jo* rate LEXONE™ 


8.00 


;£beck + low rate UE&mmMm%Mi 




6.81 



1 5 Exam ple 5 - Hypersensitive Response Elicitor-Trea ted Cotton is More Tolerant 
to Drought Stress 

A non-irrigated cotton trial experienced 26 consecutive days of 
drought. The average daily heat index was near or over 100 degrees F, adding to the 
20 stress placed on the plants in the field. 
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Observations in the field indicated that plants treated with HR elicitor 
at the concentration of 15 ppm (2.2 oz formulated product, MESSENGER™ 
containing 3 % active ingredient HR elicitor protein) were more vigorous and had less 
defoliation than the check plants as a result of the heat and drought stress. Equal 
5 numbers of plants from the MESSENGER™-treated and the non-MESSENGER™ 
treated plots were carefully removed from the field and mapped for the number of 
nodes and bolls by position. The plants were also weighed on a Metier analytical 
scale to determine whole plant, root and shoot weights. 

MESSENGER™ treated plants survived the heat and drought stresses 

1 0 much better than the untreated plants did. Plants treated with MESSENGER™ had 
37.6% more root and shoot mass than the check plants (Table 7). The 
MESSENGER™ treated plants also had significantly more cotton bolls than the 
check plants (Table 8). The number of cotton bolls from positions 1 and 2 have a 
significant contribution to the overall yield. Table 8 showed that MESSENGER™ 

1 5 treated plants had 47% more bolls in positions 1 and 2 and 57% more boll from a 
whole plant in comparison to the yield achieved using a grower standard treatment 
(i.e. with no MESSENGER™ treatment). A common reaction to stress in cotton is for 
the plant to abort bolls. The results indicate that MESSENGER™-treated plants are 
more tolerant to the drought stress. 

20 

Table 7. Weight per Plant of Non-Irrigated Cotton Following 26 Days of Drought. 



Treatment 


Root weight 
(pond/plant) 


%Difference 


Shoot weight 
(pond/plant) 


% 

difference 


Whole plant 

weight 

(pond/plant) 


% 

difference 


MESSENGER™ 
2.2 oz/acre 


0.041 a* 


37.6% 


0.505 a 


37.5 % 


0.546 


37.5 % 


Control (Grower 
standard) 


0.0298 b 




0.367 b 




0,397 




Level of 

statistically 

significant 


P=O.U9 




P-0.034 






P-0.033 

















* Same letter indicates no statistical difference between the two treatments at the defined level; 
different letter indicates a statistical difference between the two treatments at the defined level. 
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Table 8. Number of Bolls per 5 Plants at the Number 1 & 2 positions, and Total 

Number of Bolls from Whole Plants in Non-irrigated Cotton Following 26 
days of drought. 





Ayg. # boHsjoa;: 


Percent 


i;Avg t: #qft©tal % ..; 
botls per 5 plant 






position 






MESSENGER^'2'i-. 


18.4 a 


+46.0% 


21.4 a 


+57.0% 


Check .: : . / 


12.6 b 




13.6 b 




Statistically sigmicK^i , 


P=0.032 




P-0.01 





* iSame letter indicates no statistical difference between the two treatments at the defined level; 
different letter indicates a statistical difference between the two treatments at the defined level. 



1 0 Example 6 - Hypersensitive Response Elicitor-Treated Tomato is More 
^ Tolerant to Calcium Deficiency 

Calcium is an important element for plant physiology and 
development A deficiency in calcium can cause several plant diseases. For example, 

15 blossom-end rot is caused by a localized calcium deficiency in the distal end of the 
tomato fruit Because calcium is not a highly mobile element, a deficiency can occur 
with a fluctuation in water supply. In the past, tomato growers experienced higher 
level of blossom-end rot during dry weather conditions when infrequent rains storms 
dumped a lot of water and then return to a hot and dry condition quickly. Lowering or 

20 raising the irrigation water table erratically during a dry and hot growing season can 
also increase the disease. 

A field trial was designed to test if HR elicitor protein-treated tomato 
can be more tolerant to the calcium deficiency under a dry hot growing season. 
MESSENGER™, the formulated product containing 3% HR elicitor, was used for the 

25 trial. The application rate of the MESSENGER™ was 2.27 oz per care. The first 
spray of MESSENGER™ was carried out 7 days before the transplanting and then 
every 14-days after transplanting. MESSENGER™-treated tomatoes were compared 
with a standard grower treatment not utilizing MESSENGER™. Each treatment had 
4 replicates. 

30 The number of infected fruit was counted from a 1 00 square foot field. 

The rot typically begins with light tan water soaked lesions, which then enlarge, and 
then turn black. In a survey, about 20% of the fruits were infected. Severe end-rot 
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symptoms occurred in the standard treatment; however, an average of only 2.5 % of 
the fruit was infected in the MESSENGER™-treated plants. The harvest data showed 
that MESSENGER™-treated plants had 8% more marketable fruit (Table 9). The test 
results demonstrated that MESSENGER™-treatment can reduce the stress resulting 
5 from calcium deficiency and increase plant resistance to blossom-end rot. 

Table 9. Hypersensitive Response Elicitor Treatment Reduced Blossom-End 
Rot Infection, Increased Yield of Tomato Fruit 

10 



Treatment 


Blossom-End Infected Fruit* 


Tomato Fruit Yield 




Rep I 


Rep II 


Rep III 


Rep IV 


Bin/Acre 


% Difference 


MESSENGER™ 


0 


9 


0 


1 


35 


8 


Standard Treatment) 


24 


22 


16 


17 


31.5 




♦The data were collected from the fruits in 


100 square 


Foot plot 



Although the invention has been described in detail for the purpose of 
1 5 illustration, it is understood that such detail is solely for that purpose, and variations 
can be made therein by those skilled in the art without departing from the spirit and 
scope of the invention which is defined by the following claims. 
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WHAT IS CLAIMED: 

1 . A method of imparting stress resistance to plants comprising: 
applying a hypersensitive response elicitor protein or 

5 polypeptide in a non-infectious form to a plant or plant seed under conditions 
effective to impart stress resistance. 

2. A method according to claim 1, wherein the stress resistance is 
resistance to a stress selected from the group consisting of climated related stress, air 

10 pollution stress, chemical stress, and nutritional stress. 



15 



3. A method according to claim 2, wherein the stress is chemical 
stress where the chemical is selected from the group consisting of insecticides, 
fungicides, herbicides, and heavy metals. 

4. A method according to claim 2, wherein the stress is climate- 
related stress selected from the group consisting of drought, water, frost, cold 
temperature, high temperature, excessive light, and insufficient light. 



20 5. A method according to claim 2, wherein the stress is air 

pollution stress selected from the group consisting of carbon dioxide, carbon 
monoxide, sulfur dioxide, NO x , hydrocarbons, ozone, ultraviolet radiation, and acidic 
rain. 

25 6. A method according to claim 2, wherein the stress is nutritional 

stress where the nutritional stress is caused by fertilizer, micronutrients, or 
macronutrients. 



30 



7. A method according to claim 1 , wherein the hypersensitive 
response elicitor protein or polypeptide is derived from Erwinia, Pseudomonas, 
Xanthamonas, Phythophthera, or Clavibacter. 
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8. A method according to claim 7, wherein the hypersensitive 
response elicitor protein or polypeptide is derived from Erwinia amylovora, Erwinia 
carotovora i Erwinia chrysanthemi, and Erwinia stewartii. 

5 9. A method according to claim 7, wherein the hypersensitive 

response elicitor protein or polypeptide is derived from Pseudomonas syringae or 
Psendomonas solancearum. 

10. A method according to claim 7, wherein the hypersensitive 
1 0 response elicitor protein or polypeptide is derived from a Xanthamonas species. 

11. A method according to claim 7, wherein the hypersensitive 
response elicitor protein or polypeptide is derived from a Phythophthera. 

15 12. A method according to claim 7, wherein the hypersensitive 

response elicitor protein or polypeptide is derived from Clavibacter michiganesis 
subsp. sepedonicus. 

13. A method according to claim 1 , wherein plants are treated 
20 during said applying. 

14. A method according to claim 1 , wherein plant seeds are treated 
during said applying, said method further comprising: 

planting the seeds treated with the hypersensitive response 
25 elicitor protein or polypeptide in natural or artificial soil and 

propagating plants from seeds planted in soil. 

1 5. A method according to claim 1 , wherein the plant is selected 
from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, sunflower, 

30 peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, cabbage, brussel 
sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, onion, garlic, 
eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, apple, pear, 
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melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, tomato, 
sorghum, and sugarcane. 

1 6. A method according to claim 1, wherein the plant is selected 

5 from the group consisting of Arabidopsis thaliana, Saintpaulia, petunia, pelargonium, 
poinsettia, chrysanthemum, carnation, and zinnia, 

1 7. A method of imparting stress resistance to plants comprising: 
providing a transgenic plant or plant seed transformed with a 

1 0 DNA molecule which encodes for a hypersensitive response elicitor protein or 
polypeptide and 

growing the transgenic plant or plants produced from the 
transgenic plant seeds under conditions effective to impart stress resistance. 

15 1 8. A method according to claim 1 7, wherein a transgenic plant is 

provided. 

1 9. A method according to claim 1 7, wherein a transgenic plant 
seed is provided, said method further comprising: 
20 planting the transgenic seeds in natural or artificial soil and 

propagating plants from seeds planted in soil.. 



20. A method according to claim 1 7, wherein the stress resistance 
is resistance to a stress selected from the group consisting of climated related stress, 

25 air pollution stress, chemical stress, and nutritional stress. 

21 . A method according to claim 20, wherein the stress is chemical 
stress where the chemical is selected from the group consisting of insecticides, 
fungicides, herbicides, and heavy metals. 



30 
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22. A method according to claim 20, wherein the stress is climate- 
related stress selected from the group consisting of drought, water, frost, cold 
temperature, high temperature, excessive light, and insufficient light. 



5 23. A method according to claim 20, wherein the stress is air 

pollution stress selected from the group consisting of carbon dioxide, carbon 
monoxide, sulfur dioxide, NO x , hydrocarbons, ozone, ultraviolet radiation, and acidic 
rain. 



10 24. A method according to claim 20, wherein the stress is 

nutritional stress where the nutritional stress is caused by fertilizer, micronutrients, or 
macronutrients. 

25. A method according to claim 20, wherein the hypersensitive 
1 5 response elicitor protein or polypeptide is derived from Erwinia 9 Pseudomonas> 

Xanthamonas, Phythophthera, or Clavibacter. 

26. A method according to claim 25, wherein the hypersensitive 
response elicitor protein or polypeptide is derived from Erwinia amylovora, Erwinia 

20 carotovora, Erwinia chrysanthemU and Erwinia stewartiL 

27. A method according to claim 25, wherein the hypersensitive 
response elicitor protein or polypeptide is derived from Pseudomonas syringae or 
Pseudomonas solancearum. 

25 

28. A method according to claim 25, wherein the hypersensitive 
response elicitor protein or polypeptide is derived from aXanthamonas species. 

29. A method according to claim 20, wherein the plant is selected 
30 from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, sunflower, 

peanut, com, potato, sweet potato, bean pea, chicory, lettuce, endive, cabbage, brussel 
sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, onion, garlic, 
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eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, apple, pear, 
melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, tomato, 
sorghum, and sugarcane, 

5 30. A method according to claim 20, wherein the plant is selected 

from the group consisting of Arabidopsis thaliana, Saintpaulia, petunia, pelargonium, 
poinsettia, chrysanthemum, carnation, and zinnia. 
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<110> Eden Bioscience Corporation 

<120> HYPERSENSITIVE RESPONSE ELICI TOR - INDUCED STRESS 
RESISTANCE 

<130> 21829/42 

<140> 
<141> 

<150> 60/107,243 
<151> 1998-11-05 

<160> 18 

<170> Patentln Ver. 2.0 

<210> 1 
<211> 338 
<212> PRT 

<213> Erwinia chrysanthemi 
<400> 1 

Met Gin lie Thr lie Lys Ala His He Gly Gly Asp Leu Gly Val Ser 
x 5 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 
20 25 30 

Leu Gly Ser Ser Val Asp Lys Leu Ser Ser Thr He Asp Lys Leu Thr 
35 40 45 

Ser Ala Leu Thr Ser Met Met Phe Gly Gly Ala Leu Ala Gin Gly Leu 
50 55 60 

Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 70 75 80 

Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 
85 90 95 

Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 
100 105 110 

Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 
115 120 125 



1 
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Leu Ala Aan Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
130 "5 140 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser He Leu Gly 
145 150 155 160 

Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 
165 170 175 

Ala Gly Gly Leu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 
180 185 190 

Gly Asn Ala He Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 
195 200 205 

Leu Ser Asn Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 
210 215 220 



Asp Lys Glu Asp Arg Gly Met Ala Lys Glu lie Gly Gin Phe Met Asp 
225 



230 235 240 



Gin Tyr Pro Glu He Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 
245 250 255 

Ser Ser Pro Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 
260 265 270 

Pro Asp Asp Asp Gly Met Thr Gly Ala Ser Met Asp Lys Phe Arg Gin 
275 280 285 

Ala Met Gly Met He Lys Ser Ala Val Ala Gly Aep Thr Gly Asn Thr 
290 295 300 



Asn Leu Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly He Asp Ala 
305 



310 315 320 



Ala Val Val Gly Asp Lys He Ala Asn Met Ser Leu Gly Lys Leu Ala 
325 330 335 



Asn Ala 



<210> 2 
<211> 2141 
<212> DMA 

<212> Erwinia chrysanthemi 
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<400> 2 

cgattttacc cgggtgaacg tgctatgacc gacagcatca cggtattcga caccgttacg 60 
gcgtttatgg ccgcgatgaa ccggcatcag gcggcgcgct ggtcgccgca atccggcgtc 120 
gatctggtat ttcagtttgg ggacaccggg cgtgaactca tgatgcagat tcagccgggg 180 
cagcaatatc ccggcatgtt gcgcacgctg ctcgctcgtc gttatcagca ggcggcagag 240 
tgcgatggct gccatctgtg cctgaacggc agcgatgtat tgatcctctg gtggccgctg 300 
ccgtcggatc ccggcagtta tccgcaggtg atcgaacgtt tgtttgaact ggcgggaatg 360 
acgttgccgt cgctatccat agcaccgacg gcgcgtccgc agacagggaa cggacgcgcc 420 
cgatcatfcaa gataaaggcg gcttttttta ttgcaaaacg gtaacggtga ggaaccgttt 460 
caccgtcggc gtcactcagt aacaagtatc catcatgatg cctacatcgg gatcggcgtg 540 
ggcatccgtt gcagatactt ttgcgaacac ctgacatgaa tgaggaaacg aaattatgca 600 
aattacgatc aaagcgcaca tcggcggtga tttgggcgtc tccggtctgg ggctgggtgc 660 
tcagggactg aaaggactga attccgcggc ttcatcgctg ggttccagcg tggataaact 720 
gagcagcacc atcgataagt tgacctccgc gctgacttcg atgatgtttg gcggcgcgct 780 
ggcgcagggg ctgggcgcca gctcgaaggg gctggggatg agcaatcaac tgggccagtc 840 
tttcggcaat ggcgcgcagg gtgcgagcaa cctgctatcc gtaccgaaat ccggcggcga 900 
tgcgttgtca aaaatgtttg ataaagcgct ggacgatctg ctgggtcatg acaccgtgac 960 
caagctgact aaccagagca accaactggc taattcaatg ctgaacgcca gccagatgac 1020 
ccagggtaat atgaatgcgt tcggcagcgg tgtgaacaac gcactgtcgt ccattctcgg 1080 
caacggtctc ggccagtcga tgagtggctt ctctcagcct tctctggggg caggcggctt 1140 
gcagggcctg agcggcgcgg gtgcattcaa ccagttgggt aatgccatcg gcatgggcgt 1200 
ggggcagaat gctgcgctga gtgcgttgag taacgtcagc acccacgtag acggtaacaa 1260 
ccgccacttt gtagataaag aagatcgcgg catggcgaaa gagatcggcc agtttatgga 1320 
tcagtatccg gaaatattcg gtaaaccgga ataccagaaa gatggctgga gttcgccgaa 1380 
gacggacgac aaatcctggg ctaaagcgct gagtaaaccg gatgatgacg gtatgaccgg 1440 
cgccagcatg gacaaattcc gtcaggcgat gggtatgatc aaaagcgcgg tggcgggtga 1500 
taccggcaat accaacctga acctgcgtgg cgcgggcggt gcatcgctgg gtatcgatgc 1560 
ggctgtcgtc ggcgataaaa tagccaacat gtcgctgggt aagctggcca acgcctgata 1620 
atctgtgctg gcctgataaa gcggaaacga aaaaagagac ggggaagcct gtctcttttc 1680 
ttattatgcg gtttatgcgg ttacctggac cggttaatca tcgtcatcga tctggtacaa 1740 
acgcacattt tcccgttcat tcgcgtcgtt acgcgccaca atcgcgatgg catcttcctc 1800 
gtcgctcaga ttgcgcggct gatggggaac gccgggtgga atatagagaa actcgccggc 1860 
cagatggaga cacgtctgcg ataaatctgt gccgtaacgt gtttctatcc gcccctttag 1920 
cagatagatt gcggtttcgt aatcaacatg gtaatgcggt tccgcctgtg cgccggccgg 1980 
gatcaccaca atattcatag aaagctgtct tgcacctacc gtatcgcggg agataccgac 2040 
aaaatagggc agtttttgcg tggtatccgt ggggtgttcc ggcctgacaa tcttgagttg 2100 
gttcgtcatc atctttctcc atctgggcga cctgateggt t 2141 

<210> 3 
<211> 403 
<212> SRT 

<213> Erwinia amylovora 
<400> 3 

Met Ser Leu Asn Thr Ser Gly I»eu Gly Ala Ser Thr Met Gin lie Ser 
1 5 10 15 
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lie Gly Gly Ala Gly Gly Aen Asn Gly Lou Leu Gly Thr Ser Arg Gin 
20 25 30 

Asn Ala Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 
35 40 45 

Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 
50 55 60 

Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 
65 70 75 80 s 

Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 
85 90 95 

Gly Leu Ser Asn Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Asn Thr 
100 105 110 

Leu Gly Ser Lys Gly Gly Asn Asn Thr Thr Ser Thr Thr Asn Ser Pro 
115 120 125 

Leu Asp Gin Ala Leu Gly lie Asn Ser Thr Ser Gin Asn Asp Asp Ser 
130 135 140 

Thr Ser Gly Thr Asp Ser Thr Ser Asp Ser Ser Asp Pro Met Gin Gin 
145 150 155 160 

Leu Leu Lys Met Phe Ser Glu lie Met Gin Ser Leu Phe Gly Asp Gly 
165 170 175 

Gin Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 
180 185 190 

Gly Glu Gin Asn Ala Tyr Lys Lys Gly Val Thr Asp Ala Leu Ser Gly 
195 200 205 

Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 215 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
225 230 235 240 

Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 
245 250 255 

Leu Gly Asn Ala Val Gly Thr Gly He Gly Met Lys Ala Gly He Gin 
260 265 270 
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Ala Leu Asa Asp He Gly Thr His Arg His Ser Ser Thr Arg Ser Phe 
275 280 285 

Val Asia Lys Gly Asp Arg Ala Met Ala Lys Glu lie Gly Gin Phe Met 
290 295 300 

Asp Gin Tyr Pro Glu Val Phe Gly Lys Pro Gin Tyr Gin Lys Gly Pro 
305 310 315 320 

Gly Gin Glu Val Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser 
325 330 335 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 345 350 

Lys Ala Lys Gly Met He Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 
355 360 365 

Gly Asn Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Abp 
370 375 380 

Ala Met Met Ala Gly Asp Ala He Asn Asn Met Ala Leu Gly Lys Leu 
385 390 395 400 

Gly Ala Ala 



<210> 4 
<211> 1288 
<212> DNA 

<213> Srwinia anylovora 
<400> 4 

aagcttcggc atggcacgtt tgaccgttgg 
gaggaatacg ttatgagtct gaatacaagt 
atcggcggtg cgggcggaaa taacgggttg 
ggtggcaatt ctgcactggg getgggegge 
gctggcttac tcaccggcat gatgatgatg 
ggcggtggct taggcggtgg cttaggtaat 
ggactgtcga acgcgctgaa cgatatgtta 
ggcggcaaca ataccacttc aacaacaaat 
tcaacgtccc aaaacgacga ttccacctcc 
ccgatgeagc agctgctgaa gatgttcagc 
caagatggca cccagggcag ttcctctggg 
gcctataaaa aaggagtcac tgatgcgctg 
ctccttggca acgggggact gggaggtggt 
ggttcgtcgc tgggcggcaa agggctgcaa 



gtcggcaggg tacgtttgaa ttattcataa 60 
gggctgggag cgtcaacgat gcaaatttct 120 
ctgggtacca gtegccagaa tgctgggttg 180 
ggtaatcaaa atgataccgt caatcagotg 240 
atgagcatga tgggcggtgg tgggctgatg 300 
ggcttgggtg gctcaggtgg cctgggcgaa 360 
ggcggttcgc tgaacacgct gggctcgaaa 420 
tccccgctgg accaggcgct gggtattaac 480 
ggcacagatt ccacctcaga ctccagcgac 540 
gagataatgc aaagcctgtt tggtgatggg 600 
ggcaagcagc cgaccgaagg cgagcagaac 660 
tcgggcctga tgggtaatgg tctgagccag 720 
cagggcggta atgctggcac gggtcttgac 780 
aacctgagcg ggccggtgga ctaccagcag 840 
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ttaggtaacg ccgtgggtac cggtatcggt 
atcggtacgc acaggcacag ttcaacccgt 
gcgaaggaaa tcggtcagtt catggaccag 
cagaaaggcc cgggtcagga ggtgaaaacc 
aagccagatg acgacggaat gacaccagcc 
atgatcaaaa ggcccatggc gggtgatacc 
ggtggttctt cgctgggtat tgatgccatg 
cttggcaagc tgggcgcggc ttaagctt 



atgaaagcgg gcattcaggc gctgaatgat 900 
tctttcgtca ataaaggcga tcgggcgatg 960 
tatcctgagg tgtttggcaa gccgcagtac 1020 
gatgacaaat catgggcaaa agcactgagc 1080 
agtatggagc agttcaaoaa agccaagggc 1140 
ggcaacggca acctgcaggc acgcggtgcc 1200 
atggccggtg atgccattaa caatatggca 1260 

1288 



<210> 5 
<211> 1344 
<212> DNA 

<213> Erwinia amylovora 



<400> 5 

atgtcaattc ttacgcttaa caacaatacc 
ggggacaacg ggcttggtgg tcataatgca 
cggcaaacca ttgagcaaat ggctcaatta 
ccacaatcag gtaatgcggc aaccggagcc 
aacgctggcg gcctgaacgg acgaaaaggc 
cagaacatgc tgagtgagat gggcaacaac 
cagggcggcg ggcagatcgg cgataatcct 
cgcatgatgg acggccaaag cgatcagttt 
tcttccggta cttcttcatc tggcggttcc 
ccttccggca actccccttc cggcaactac 
acgccaacgt cccctacctc accgcttgat 
ggcagcacgc cggtaaccga tcatcctgac 
aattcggtgg ccttcaccag cgccggcgct 
gtgaaagcgg gtcaggtgtt tgatggcaaa 
ggcgatggcg gccagtctga aaaccagaaa 
ctgaaaaacg tcaccatggg cgacgacggg 
aaaatagaca atctgcacgt caccaacgtg 
agcgcgggca aaaaatccca cgttgaaatc 
aagatcctgc agctgaatgc cgatactaac 
tttggtactt ttgtacgcac taacggcggt 
catatcagcg cagaagacgg taagttctcg 
gtcaatacca gtgatatctc actgggtgat 
gccaacctga aggtggctga atga 



tcgtcctcgc cgggtctgtt ccagtccggg 60 
aattctgcgt tggggcaaca acccatcgat 120 
ttggcggaac tgttaaagtc actgctatcg 180 
ggtggcaatg accagactac aggagttggt 240 
acagcaggaa ccactccgca gtctgacagt 300 
gggctggatc aggccatcac gcccgatggc 360 
ttactgaaag ccatgctgaa gcttattgca 420 
ggccaacctg gtacgggcaa caacagtgcc 480 
ccttttaacg atctatcagg ggggaaggcc 540 
tctcccgtca gtaccttctc acccccatcc 600 
ttcccttctt ctcccaccaa agcagccggg 660 
cctgttggta gcgcgggcat cggggccgga 720 
aatcagacgg tgctgcatga caccattacc 780 
ggacaaacct tcaccgccgg ttcagaatta 840 
ccgctgttta tactggaaga cggtgccagc 900 
gcggatggta ttcatcttta cggtgatgcc 960 
ggtgaggacg cgattaccgt taagccaaac 1020 
actaacagtt ccttcgagca cgcctctgac 1080 
ctgagcgttg acaacgtgaa ggccaaagac 1140 
caacagggta actgggatct gaatctgagc 1200 
ttcgttaaaa gcgatagcga ggggctaaac 1260 
gttgaaaacc actacaaagt gccgatgtcc 1320 

1344 



<210> 6 
<211> 447 
<212> PRT 

<213> Erwinia amylovora 



<400> 6 

Met Ser He Leu Thr Leu Asn Asn Asa Thr Ser Ser Ser Pro Gly Leu 
15 10 15 
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Phe Gin Ser Gly Gly Asp Asn Gly Leu Gly Gly Hie Asn Ala Asn Ser 
20 25 30 

Ala Leu Gly Gin Gin Pro lie Asp Arg Gin Thr He Glu Gin Met Ala 
35 40 45 

Gin Leu Leu Ala Glu Leu Leu Lys Ser Leu Leu Ser Pro Gin Ser Gly 
50 55 60 

Asn Ala Ala Thr Gly Ala Gly Gly Asn Asp Gin Thr Thr Gly val Gly 
65 70 75 80 

Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 

Gin Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 
100 105 110 

Asp Gin Ala He Thr Pro Asp Gly Gin Gly Gly Gly Gin He Gly Asp 
115 120 125 

Asn Pro Leu Leu Lys Ala Met Leu Lys Leu He Ala Arg Met Met Asp 
130 135 140 

Gly Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 
145 150 155 160 

Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 
165 170 175 

Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
180 185 190 

Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 
195 200 205 

Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 
210 215 220 

Val Thr Asp His Pro Asp Pro Val Gly Ser Ala Gly He Gly Ala Gly 
225 230 235 240 

Asn Ser Val Ala Phe Thr Ser Ala Gly Ala Asn Gin Thr Val Leu His 
245 250 255. 



Asp Thr He Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 270 
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Thr Phe Thr Ala Gly Ser Glu Leu Gly Aap Gly Gly Gin Ser Glu Aen 
27S 280 285 

Gin Lys Pro Leu Phe He Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

Thr Met Gly Asp Asp Gly Ala Asp Gly lie His Leu Tyr Gly Asp Ala 
305 310 315 320 

Lys lie Asp Asn Leu Bis Val Thr Asn Val Gly Glu Asp Ala He Thr 
325 330 335 

Val Lys Pro Asn Ser Ala Gly Lys Lys Ser His Val Glu He Thr Asn 
340 345 350 

Ser Ser Phe Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 
355 360 365 

Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
370 375 380 

Val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Aen Leu Ser 
385 390 395 400' 

Hi a He Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 
405 410 415 

Glu Gly Leu Asn Val Asn Thr Ser Asp lie Ser Leu Gly Asp Val Glu 
420 425 430 

Asn His Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 
435 440 445 



<210> 7 
<211> 5517 
<212> DKA 

<213> Erwinia amylovora 
<400> 7 

atggaattaa aatcactggg aactgaacac 
cctgtggggc atggtgttgc cttacagcag 
gctgcatcat tggcggcaga aggcaaaaat 
tctactgcgg ctgatggtat cagcgctgct 
ggctgtttgg ggacgaaaaa attttccaga 
cacagcaaag gggcaacatt gcgcgatctg 
gaggcggccg cgccagatgc ggcgcgtttg 
atggacgaca tggccgggcg gccaatggtg 



aaggcggcag tacacacagc ggcgcacaao 60 
ggcagcagca gcagcagccc gcaaaatgcc 120 
cgtgggaaaa tgccgagaat tcaccagcca 180 
caccagcaaa agaaatcctt cagtctcagg 240 
tcggcaccgc agggccagcc aggtaccacc 300 
ctggcgcggg acgacggcga aacgcagcat 360 
acccgttcgg gcggcgtcaa acgccgcaat 420 
aaaggtggca gcggcgaaga taaggtacca 480 
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acgcagcaaa aacggcatca gctgaacaat 
aaaatggctc acccggcttc agccaacgcc 
atcccgggta gccaccacga aatcaaggaa 
acggcccacg cagacagagt ggaaatcgct 
ctgcatcaac agcggctggc gcgcgaacgg 
gttgccacac cgattagcgc caggtttcag 
cttgagggga cagataccac gcagtcaccc 
ggagccgggg taacgccgct ggcggtaacg 
gataatccac ccgcgctcaa tacgttgttg 
tatctggcgc accatgccag cagcgacggt 
cacctgtttg atatcaaaag caccgccacc 
ggtgagataa agggcaagct ggcgcaggcg 
agcggcaaga tctcgctggg gagcggtacg 
ccgggggaag cgcaccgttc cttattaacc 
cggccgcagg gcgagtcaat ccgcctgcat 
ctgggcgtat ggcaatctgc ggataaagat 
ggtaagctct atgcgctgaa agacaaccgt 
tcagaaaagc tggtcgataa aatcaaatcg 
atcctgacgg atactcccgg ccgccataag 
ccggagagcc atatttccct cagcctgcat 
gggaagtcgg agcttgaggc acaatctgtc 
gatagcgaag gcaagctgtt tagcgccgcc 
aaaatgaaag ccatgcctca gcatgcgctc 
tctggatttt tccatgacga ccacggccag 
cagcagcatg cctgcccgtt gggtaacgat 
gatgcgctgg ttatcgacaa tcagctgggg 
attcttgata tggggcattt aggcagcctg 
gaccagctga ccaaagggtg gactggcgcg 
ctggatggag cagcttatct actgaaagac 
agcacctcct ctatcaagca cggaacggaa 
aaaccggagc cgggagatgc cctgcaaggg 
gcggtgattg gggtaaataa atacctggcg 
cagataaaac ccggcaccca gcagttggag 
atcagcggcg aactgaaaga cattcatgtc 
cacgagggag aggtgtttca tcagccgcgt 
agctggcaca aactggcgtt gccacagagt 
catgagcaca aaccgattgc cacctttgaa 
ggctggcacg cctatgcggc acctgaacgc 
caaaccgtct ttaaccgact aatgcagggg 
ttgacggtta agctctcggc tcagacgggg 
agcagtaaat tttccgaaag gatccgcgcc 
cgaccgatta aaaatgctgc ttatgccaca 
aagccgttgt acgagatgca gggagcgctg 
cataacgcgc cacagccaga tttgcagagc 
ggcgcagaat tgcttaacga catgaagcgc 
cgttcggtga ccgttttagg tcaacatcag 
agcgaattta agccatcgcc cggcaaggcg 
ggtcaggatc taagcaagtc actgcaacag 



tttggccaga tgcgccaaac gatgttgagc 540 
ggcgatcgcc tgcagcattc accgccgcac 600 
gaaccggttg gctccaccag caaggcaaca 660 
caggaagatg acgacagcga attccagcaa 720 
gaaaatccac cgcagccgcc caaactcggc 780 
ccoaaactga ctgcggttgc ggaaagcgtc 840 
cttaagccgc aatcaatgct gaaaggaagt 900 
ctggataaag gcaagttgca gctggcaccg 960 
aagcagacat tgggtaaaga cacccagcac 1020 
agccagcatc tgctgctgga caacaaaggc 1080 
agctatagcg tgctgcacaa cagccacccc 1140 
ggtactggct ccgtcagcgt agacggtaaa 1200 
caaagtcaca acaaaacaat gctaagccaa 1260 
ggcatttggc agcatcctgc tggcgcagcg 1320 
gacgacaaaa ttcatatcct gcatccggag 1380 
acccacagcc agctgtctcg ccaggcagac 1440 
accctgcaaa acctctccga taataaatcc 1500 
tattccgttg atcagcgggg gcaggtggcg 1560 
atgagtatta tgccctcgct ggatgcttcc 1620 
tttgccgatg cccaccaggg gttattgcac 1680 
gcgatcagcc atgggcgact ggttgtggcc 1740 
attccgaagc aaggggatgg aaacgaactg 1800 
gatgaacatt ttggtcatga ccaccagatt 1860 
cttaatgcgc tggtgaaaaa taacttcagg 1920 
catcagtttc accccggctg gaacctgact 1980 
ctgcatcata ccaatcctga accgcatgag 2040 
gcgttacagg agggcaagct tcactatttt 2100 
gagtcagatt gtaagcagct gaaaaaaggc 2160 
ggtgaagtga aacgcctgaa tattaatcag 2220 
aacgtttttt cgctgccgca tgtgcgcaat 2280 
ctgaataaag acgataaggc ccaggccatg 2340 
ctgacggaaa aaggggacat tcgctccttc 2400 
cggccggcac aaactctcag ccgcgaaggt 2460 
gaccacaagc agaacctgta tgccttgacc 2520 
gaagcctggc agaatggtgc cgaaagcagc 2580 
gaaagtaagc taaaaagtct ggacatgagc 2640 
gacggtagcc agcatcagct gaaggctggc 2700 
gggccgctgg cggtgggtac cagcggttca 2760 
gtgaaaggca aggtgatccc aggcagcggg 2820 
ggaatgaccg gcgccgaagg gcgcaaggtc 2 8 BO 
tatgcgttca acccaacaat gtccacgccg 2940 
cagcacggct ggcaggggcg tgaggggttg 3000 
attaaacaac tggatgcgca taacgttcgt 3060 
aaactggaaa ctctggattt aggcgaacat 3120 
ttccgcgacg aactggagca gagtgcaacc 3180 
ggagtgctaa aaagcaacgg tgaaatcaat 3240 
ttggtccaga gctttaacgt caatcgctct 3300 
gcagtacatg ccacgccgcc atccgcagag 3360 
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agtaaactgc aatccatgct ggggcacttt gtcagtgccg gggtggatat gagtcatcag 3420 
aagggcgaga tcccgctggg ccgccagcgc gatccgaatg ataaaaccgc actgaccaaa 3480 
tcgcgtttaa ttttagatac cgtgaccatc ggtgaactgc atgaactggc cgataaggcg 3540 
aaactggtat ctgaccataa acccgatgcc gatcagataa aacagctgcg ccagcagttc 3600 
gatacgctgc gtgaaaagcg gtatgagagc aatccggtga agcattacac cgatatgggc 3660 
ttcacccata ataaggcgct ggaagcaaac tatgatgcgg toaaagcctt tatcaatgcc 3720 
tttaagaaag agcaccacgg cgtcaatctg accacgcgta ccgtactgga atcacagggc 3780 
agtgcggagc tggcgaagaa gctcaagaat acgctgttgt ccctggacag tggtgaaagt 3840 
atgagcttca gccggtcata tggcgggggc gtcagcactg tctttgtgcc tacccttagc 3900 
aagaaggtgc cagttccggt gatccccgga gccggcatca cgctggatcg cgcctataac 3960 
ctgagcttca gtcgbaccag cggcggattg aacgtcagtt ttggccgcga cggcggggtg 4020 
agtggtaaca tcatggtcgc taccggccat gatgtgatgc cc tatatgac cggtaagaaa 4080 
accagtgcag gtaacgccag tgactggttg agcgcaaaac ataaaatcag cccggacttg 4140 
cgtatcggcg ctgcbgtgag tggcaccctg caaggaacgo tacaaaacag cctgaagttt 4200 
aagctgacag aggatgagct gcctggcttt atccatggct tgacgcatgg cacgttgacc 4260 
ccggcagaac tgttgcaaaa ggggatcgaa catcagatga agcagggcag caaactgacg 4320 
tttagcgtcg atacctcggc aaatctggat ctgcgtgccg gtatcaatct gaacgaagac 4380 
ggcagtaaac caaatggtgt cactgcccgt gtttctgccg ggctaagtgc atcggcaaac 4440 
ctggccgccg gctcgcgtga acgcagcacc acctctggcc agtttggcag cacgacttcg 4500 
gccagcaata accgcccaac cttcctcaac ggggtcggcg cgggtgctaa cctgacggct 4560 
gctttagggg ttgcccattc atctacgcat gaagggaaac cggtcgggat cttcccggca 4620 
tttacctcga ccaatgtttc ggcagcgctg gcgctggata accgtacctc acagagtatc 4680 
agcctggaat tgaagcgcgc ggagccggtg accagcaacg atatcagcga gttgacctcc 4740 
acgctgggaa aacactttaa ggatagcgcc acaacgaaga tgcttgccgc tcfccaaagag 4800 
ttagatgacg ctaagcccgc tgaacaactg catattttac agcagcattt cagtgcaaaa 4860 
gatgtcgtcg gtgatgaacg ctacgaggcg gtgcgcaacc tgaaaaaact ggtgatacgt 4920 
caacaggctg cggacagcca cagcatggaa ttaggatctg ccagtcacag cacgacctac 4980 
aataatctgt cgagaataaa taatgacggc attgtcgagc tgctacacaa acatttcgat 5040 
gcggcattac cagcaagcag tgccaaacgt cttggtgaaa tgatgaataa cgatccggca 5100 
ctgaaagata ttattaagca gctgcaaagt acgccgttca gcagcgccag cgtgtcgatg 5160 
gagctgaaag atggtctgcg tgagcagacg gaaaaagcaa tactggacgg taaggtcggt 5220 
cgtgaagaag tgggagtact tttccaggat cgtaacaact tgcgtgttaa atcggtcagc 5280 
gtcagtcagt ccgtcagcaa aagcgaaggc ttcaataccc cagcgctgtt actggggacg 5340 
agcaacagcg ctgctatgag catggagcgc aacatcggaa ccattaattt taaatacggc 5400 
caggatcaga acaccccacg gcgatttacc ctggagggtg gaatagctca ggctaatccg 5460 
caggtcgcat ctgcgcttac tgatttgaag aaggaagggc tggaaatgaa gagctaa 5517 

<210> 8 
<211> 1838 
<212> PRT 

<213> Brwinia amylovora 
<400> 8 

Met Glu Leu Lys Ser Leu Gly Thr Glu His Lys Ala Ala Val His Thr 
1 5 10 15 

Ala Ala Bis Asn Pro Val Gly His Gly Val Ala Leu Gin Gin Gly Ser 
20 25 30 
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Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Glu Gly 
35 40 45 

Lya Abu Arg Gly Lye Met Pro Arg He His Gin Pro Ser Thr Ala Ala 
50 55 60 



Asp Gly He Ser Ala Ala His Gin Gin Lys Lys Ser Phe Ser Leu Arg 
65 



70 75 00 



Gly Cys Leu Gly Thr Lys Lys Pfae Ser Arg Ser Ala Pro Gin Gly Gin 
85 90 $5 

Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
100 HO 

Arg Asp Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 
115 120 125 

Arg Leu Thr Arg Ser Gly Gly Val Lys Arg Arg Aan Met Asp Asp Met 
130 135 140 

Ala Gly Arg Pro Met Val Lys Gly Gly Ser Gly Glu Asp Lys Val Pro 
145 150 155 160 

Thr Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 
165 170 175 

Thr Met Leu Ser Lys Met Ala His Pro Ala Ser Ala Asn Ala Gly Asp 
180 I 85 190 

Arg Leu Gin His Ser Pro Pro His He Pro Gly Ser His His Glu He 
195 200 205 

Lys Glu Glu Pro Val Gly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 
210 215 220 

Asp Arg Val Glu He Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
225 230 235 240 

Leu His Gin Gin Arg Leu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 255 

pro Lys Leu Gly Val Ala Thr Pro He Ser Ala Arg Phe Gin Pro Lys 
260 265 270 

Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 
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8 « Pro Leu Lye Pro Glu Ser Het L.u Lye Gly Ser Gly Ala Gly VaX 

290 295 
^ p ro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 

MP A~ Pro Pro Ala Leu Abu Thr Leu Leu Lya Gin Thr Leu Gly Lys 
325 330 

... » «. ^ - *» «• - ~ ~ " c s; B " - 

340 345 

Hi8 x-u Leu Leu Aap Asu Lya Gly His Leu Phe Asp lie Lya Ser Thr 

^ Thr Ser Tyr Ser Val Leu His Asu Ser Hia Pro Gly Glu Xle Lys 

370 375 
sly x.ya Leu Ala Glu Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lya 

390 395 
385 3 * U 

S er Gly Lys Xle Ser Leu Gly Ser Gly Thr Glu Ser Hia Asu Lys Thr 

405 410 
Het M u Ser Glu Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly Xle 

Ala Gly Ala Ala Arg Pro Glu Gly Glu Ser He Arg 
440 

M u His Asp Asp Lys Xle His Xle Leu His Pro Glu Leu Gly Val Trp 

455 * bU 
450 453 

*n *<m Lvfl ASP Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
Gin Ser Ala Asp Lys Asp w ^ 



420 



Trp Gin His Pro 445 

435 440 



465 



470 4 ? 5 



Gly Lys Leu Tyr Ala Leu Lys Asp Asn = Tnr Leu Gin Asn Leu Ser 
485 490 

Asp Asu Lys S.r Ser Glu Lys Leu Val Asp Lys Xle Lys Ser Tyr Ser 

500 505 
val asp Glu Arg Gly Glu Val Ala Xle Leu Thr Asp Thr Pro Gly Arg 

Ala Ser Pro Glu Ser Hie 
535 540 



His Lys Met Ser lie Met Pro Ser Leu Asp 



530 
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n. ser Leu Ser Leu Hi 6 Phe — ~P J£ «» ^ *~ £ 



545 



550 



sly Lys Ser Glu Leu Glu Ala Gin Ser Val Ala XXe Ser His Gly Arg 
565 

L eu val Val Ala Asp Ser Glu Gly Lye Leu Ph. Ser Ala Ala He Pro 
580 585 



Ly8 Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 

Ha Leu Asp Glu His Phe Gly His Asp His Gin lie Ser Gly Phe Phe 

tie 620 
610 6X5 

His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 
625 630 " 5 

Sln Gin His Ala cys Pro Leu Gly Asn Asp Hie Gin Phe His Pro Gly 
645 650 

Trp Asn Leu Thr Asp Ala Leu Val He Asp Asn Gin Leu Gly Leu His 

660 665 
Hie Thr Asn Pro Glu Pro His Glu He Leu Asp Met Oly His Leu Gly 

675 680 " 5 

Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 

690 695 700 

Lya Gly Trp Thr Gly Ala Glu ser Asp Cys Lys Gin Leu Lys Lye Gly 
705 710 715 

,eu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 
725 730 

xle Asn Gin Ser Thr Ser Ser lie Lys His Gly Thr Glu Asn Val 



745 



740 

Pne Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 

755 760 765 

GXn Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 

770 775 780 

val Asn Lya Tyr Leu Ala Leu Thr Glu Lys Gly Asp He Arg Ser Phe 



785 



790 



795 
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G ln II. W- P« Gly Thr Gla Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 

3 er Arg Glu Gly He Ser Gly Glu Leu Lys Asp He His Val Asp His 
820 825 



Lys Gla asu Leu Tyr Ale Leu Thr His Glu Gly Glu Val Phe His Gin 

835 840 845 

Pro Arg Glu Ale Trp Gin Asn Gly Ale Glu Ser Ser Ser Trp His Lys 



850 853 



Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 



865 



870 875 380 



His Glu His Lys Pro He Ala Thr Phe Glu Asp Gly Ser Gin His Gin 



885 89° 895 



900 



905 



Lau L ys Ale Gly Gly Trp His Ale Tyr Ale Ale Pro Glu Arg Gly Pro 

L eu Ale Vel Gly Thr Ser Gly Ser Gin Thr Val Phe Asn Arg Leu Hat 
915 «5 

Oln Gly val Lys Gly Lys Val He Pro Gly Ser Gly Leu Thr Vel Lys 



930 



935 



Leu ser Ale Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Vel 

955 



945 



950 



Ser Ser Lys Phe Ser Glu Arg He Arg Ala Tyr ^ 

Met Ser Thr Pro Arg Pro He Lys Asn Ala Ala Tyr Ala Thr Gin His 
980 985 

Gly Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 

995 100° 1005 

A l, Leu He Lys Gin Leu Asp Ala His Asn Val Arg His Asn Ala Pro 

ioio "" 1020 

Gin Pro asp Leu Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 
1025 "30 "35 

Gly Ale Glu Leu Leu Asn A^ Met Lye Arg Phe Arg Asp Glu Leu Glu 
1045 "50 "55 



Ala Phe Asn Pro Thr 
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Gin Ser Ala Thr Arg Ser Val Thr Val Leu Sly Gin His Gin Gly Val 
1060 "65 "70 



Leu Lye Ser Asn Gly Oltt He Asn Ser Gin Phe Lys Pro Ser Pro Gly 

1075 1080 108S 

Lvs Ala ten Val Oln Ser Phe Asn Val Aon Arg Ser Gly Gin Aep Leu 



1090 



1095 "M 



Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 



1105 



1110 I!" H20 



Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
H25 II 30 1135 

Met Ser His Gin Lys Gly Glu lie Pro Leu Gly Arg Gin Arg Asp Pro 
1140 H« l" 0 

Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu He Leu Asp Thr Val 
1155 »«• 1165 



Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 



1175 1180 



Asp 
1185 



His Lys Pro Asp Ala Asp Gin He Lys Gin Leu Arg Gin Gin Phe 
^ y 1190 I!" 1200 



Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys His Tyr 



1205 



1210 1215 



Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 
1220 1225 "SO 

Ala Val Lys Ala Phe He Asn Ala Phe Lys Lys Glu His His Gly Val 
1235 «*0 12« 

Asn Leu Thr Thr Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu Leu 
1250 1255 "60 



Ala Lys Lys Leu Lys Asn Thr Leu Leu Ser Leu Asp Ser Gly Glu Ser 
1265 



1270 1275 1280 



Met Ser Phe Ser Arg Ser Tyr Gly Gly Gly Val Ser Thr Val Phe Val 
1285 "SO 1295 

Pro Thr Leu Ser Lys Lys Val Pro Val Pro Val He Pro Gly Ala Gly 
1300 "OS 1310 
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lie Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 

1315 1320 1325 

Q ly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn He 
1330 1340 



Met val Ala Thr Gly Hie Aep Val Met Pro Tyr Met Thr Gly Lys^Lys 
1345 "50 « 55 

Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys His ay. He 
1365 1370 

Ser Pro Asp Leu Arg He Giy Ala Ala Val Ser Gly Thr Leu Gin Gly 
1380 « 85 1390 

Thr Le u Gin Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pro 

1395 «°° " 05 

Giy Phe lie His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu Leu 



1415 1420 
1410 1415 



L eu Gin Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu Thr 

1430 1435 
1425 1430 

Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ale Gly II. Asn 

1450 «-*ee 



1445 



Leu Asn Glu Asp Gly ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 

1460 1465 
Ma oly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 

1475 1480 1485 

Ser Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 

T495 1500 

1490 

teg pro Thr Phe Leu Asn Gly Val Oly Ala Gly Ala Asn Leu Thr Ala 
1505 I 510 1515 

A!a Leu Gly Val Ala Hie Ser Ser Thr Hie Glu Gly Lye Pro Jal Gly 



1525 



lie Phe Pro Ala Phe Thr Ser 



1530 



Thr Asn Val Ser Ala Ala Leu Ala Leu 
1545 1550 



1540 

*sp Asn Arg Thr Ser Gin Ser lie Ser Leu Glu Leu Lys Arg Ala Glu 

1560 1565 



1555 
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1570 



*, irwrThr Lvs Met Leu Ala Ala Leu Lys Glu 
Hie Phe Lye Asp Ser Ala Thr Thr Lye He ^ 

1590 4.3^a 
1585 15 * U 

mi t v « Pro Ala Glu Gin Leu His He Leu Gin Gin Hie 
Leu Asp Asp Ala Lye Pro Aia * 1615 

1605 1610 

Fh . s „ w . - - - «■» - - « w m 

1620 1625 

_ , w „, lle Gin Gin Ala Ala Asp Ser His Ser 
Asn Leu Lys Lys Leu Val He Arg O ie45 

1635 1640 



... 1„ « «r .« « ~ - - ^ * £ " *" 

1650 1655 

* ai v Tie Val Glu Leu Leu His Lye His Phe Asp 
Arg He Asn Aen Asp Gly He Val gxu ^ 

1665 1670 



Leu Gly Glu Met Met Aen 

— - 

i can 

1685 



Ala Ala Leu Pro Ala Ser Ser Ala Lys^Arg . ^ 



Aen Aep Pro Ala Leu Lys Asp — - - ^ 



He He Lys Gin Leu 



Gin Ser Thr Pro 



1700 



1705 



_ Ala Ser Val Ser Met Glu Leu Lye Aep Gly Leu Arg Glu 
Phe Ser Ser Ala Ser vax 

1715 

_ r1 . Ala He Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
Gin Thr Glu Lys Ala ue » r 1?40 

1730 1735 
Gly val Leu >he Gin Aep Ar 9 Aen Aen Le^Arg Val Lye Ser Valuer 
1745 1750 

Gly Phe Aen Thr Pro Ala Leu 



Val Ser 



OX n Ser Val Ser Lye Ser Glumly Phe — « «~ ~- 



176S 



- c»r Ala Ala Met Ser Met Glu Arg Asn He 

Leu Leu Gly Thr Ser Asn Ser Ala Ala ^ 

1780 1785 
Gly ~«U Asn Phe Lys Tyr^ly Gin Aep Gin A-Thr Pro Arg Arg 

Ph e Thr Leu Glu Gly Gly XI. Ala Gin Ala Asn Pro Gin Val Ala Ser 
1810 1815 
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Ala Leu Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 
1825 1830 1835 



<210> 9 
<211> 420 
<212> DNA 

<213> Brwinla axrtylovora 
<400> 9 

atgacatcgt cacagcagcg ggttgaaagg tttttacagt atttctccgc cgggtgtaaa 60 
acgcccatac atctgaaaga cggggtgtgc gccctgtata acgaacaaga tgaggaggcg 120 
gcggtgctgg aagtaccgca ac&cagcgac agcctgttac tacactgccg aatcattgag 180 
gctgacccac aaacttcaat aaccctgtat tcgatgctat tacagctgaa ttttgaaatg 240 
gcggccatgc gcggctgttg gctggcgctg gatgaactgc acaacgtgcg tttatgtttt 300 
cagcagtcgc tggagcatct ggatgaagca agttttagcg atatcgttag cggcttcatc 360 
gaacatgcgg cagaagtgcg tgagtatata gcgcaattag acgagagtag cgcggcataa 420 

<210> 10 
<211> 139 
<212> PRT 

<213> Erwinia aroylovora 
<400> 10 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Phe Ser 
1 5 10 15 

Ala Gly Cys Lys Thr Pro lie His Leu Lys Asp Gly Val Cys Ala Leu 
20 25 30 

Tyr Aen Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro Gin His 
35 40 45 

Ser Asp Ser Leu Leu Leu His Cys Arg lie He Glu Ala Asp Pro Gin 
50 55 60 

Thr Ser He Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
65 70 75 80 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 

Arg Leu Cys Phe Gin Gin Ser Leu Glu His Leu Asp Glu Ala Ser Phe 
100 105 110 

Ser Asp He Val Ser Gly Phe He Glu His Ala Ala Glu Val Arg Glu 
115 120 125 
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Tyr He Ala Gin Leu 

130 135 



<210> 11 
<211> 341 
<212> PRT 

<213> Pseudomonas syringae 



Asp Glu Ser Ser Ala Ala 



<400> 11 
Met Gin Ser 



I*u Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 

10 15 



1 5 
Ala Leu Val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 

Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 
35 *° 45 

Pro Leu Gly Lys Leu Leu Ala 
55 «° 



Arg Asn Gly Gin Leu Asp Asp Ser Ser 
50 



Lys ser Met Ala Ale Asp Cly Lye Ala Gly Gly Gly He Glu Asp Val 

•7ft 75 



65 
He Ala 



70 

Ala Leu Asp Lys Leu He His Glu Lys Leu Gly Asp Asn Phe 
85 *° 95 



Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 

ioo i° 5 1X0 

Tnr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 

115 «° 125 

Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 



135 



130 

He Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe Pro 

145 



Leu Asn Lys He AXa uxn »~ — 

150 155 



Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 



165 



Leu Asp Gly Asp Glu Thr Ala 
180 



Ala Phe Arg Ser Ala Leu Asp He He 
185 



Gly Gin Gin Leu Gly Asn Gin Gin Ser Asp Ala Gly Ser Leu Ala Gly 
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Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asa Ser Ser 
210 215 220 

Val Het Gly Asp Fro Leu Xle Asp Ala Asn Thr Gly Pro Gly Asp Ser 
225 230 235 240 

Gly Asn Thr Arg Gly Glu Ala Gly Gin Leu lie Gly Glu Leu He Asp 
245 250 255 

Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 
260 265 270 

Asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 
275 280 285 

Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu Ala 
290 295 300 

Thr Leu Lye Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 
305 310 315 320 

Ala Gin He Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr Arg 
325 330 335 

Asn Gin Ala Ala Ala 
340 



<210> 12 
<211> 1026 
<212> DNA 

<213> Pseudomonas syringae 
<400> 12 

atgcagagtc tcagtcttaa cagcagctcg 
gtacgtcctg aagccgagac gactggcagt 
gtgaagctgg ccgaggaact gatgcgcaat 
aaactgttgg ccaagtcgat ggccgcagat 
atcgctgcgc tggacaagct gatccatgaa 
gacagcgcct cgggtaccgg acagcaggac 
aagtcgatgc tcgatgatct tctgaccaag 
gatatgccga tgctgaacaa gatcgcgcag 
aagccggact cgggctcctg ggtgaacgaa 
gaaacggctg cgttccgttc ggcactcgac 
agtgacgctg gcagtctggc agggacgggt 
aacaactcgt ccgtgatggg tgatccgctg 



ctgcaaaccc cggcaatggc ccttgtcctg 60 
acgtcgagca aggcgcttca ggaagttgtc 120 
ggtcaactcg acgacagctc gccattggga 180 
ggcaaggcgg gcggcggtat tgaggatgto 240 
aagcbcggtg acaacttcgg cgcgtctgcg 300 
ctgatgactc aggtgctcaa tggcctggcc 360 
caggatggcg ggacaagctt ctcegaagac 420 
ttcatggatg acaatcccgc acagtttccc 480 
ctcaaggaag acaacttcct tgatggcgac 540 
atcattggcc agcaactggg taatcagcag 600 
ggaggtctgg gcactccgag cagtttttcc 660 
atcgacgcca ataccggtcc cggtgacagc 720 
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ggcaat accc gtggtgaagc ggggcaactg atcggcgagc ttatcgaccg tggcctgcaa 780 
tcggtattgg ccggtggtgg actgggcaca cccgtaaaca ccccgcagac cggtacgtcg 840 
gcgaatggcg gacagtccgc tcaggatctt gatcagttge tgggcggctt gctgcteaag 900 
ggcctggagg caacgctcaa ggatgccggg caaaeaggca ccgacgtgca gtcgagcgct 960 
gcgcaaatcg ccaccttgct ggtcagtacg ctgctgcaag gcacccgcaa tcaggctgca 1020 
gcctga 1026 

<210> 13 
<211> 1725 
<212> DHA 

<213> Paeudomonaa syringae 
<400> 13 

tccacttcgc tgattttgaa attggcagat tcatagaaac gttcaggtgt ggaaatcagg 60 
ctgagtgcgc agatttcgtt gataagggtg tggtactggt cattgttggt catttcaagg 120 
cctctgagtg cggtgcggag caataccagt cttcctgctg gcgtgtgcac actgagtcgc 180 
aggcataggc atttcagttc cttgcgttgg ttgggcafcat aaaaaaagga acttttaaaa 240 
acagtgcaat gagatgccgg caaaacggga accggtcgct gcgctttgcc actcacttcg 300 
agcaagctca accccaaaca tccacatccc tatcgaacgg acagcgatac ggccacttgc 360 
tctggtaaac cctggagctg gcgtcggtcc aattgcccac ttagcgaggt aacgcagcat 420 
gagcatcggc atcacacccc ggccgcaaca gaccaccacg ccactcgatt tttcggcgct 480 
aagcggcaag agtcctcaac caaacacgtt cggcgagcag aacactcagc aagcgatcga 540 
cccgagtgca ctgttgttcg gcagcgacac acagaaagac gtcaacttcg gcacgcccga 600 
cagcaccgtc cagaatccge aggacgccag caagcccaac gacagccagt ccaacatcgc 660 
taaattgatc agtgcattga tcatgtcgtt gctgcagatg ctcaccaact ccaataaaaa 720 
gcaggacacc aatcaggaac agcctgatag ccaggctcct ttccagaaca acggcgggct 780 
cggtacaccg tcggccgata gcgggggcgg cggtacaccg gatgcgacag gtggcggcgg 840 
cggtgatacg ccaagcgcaa caggcggtgg cggcggtgat actccgaccg caacaggcgg 900 
bggcggcagc ggtggcggcg gcacacccac tgcaacaggt ggcggcagcg gtggcacacc 960 
cactgcaaca ggcggtggcg agggtggcgt aacaccgcaa atcactccgc agttggccaa 1020 
ccctaaccgt acctcaggta ctggctcggt gtcggacacc gcaggttcta ccgageaagc 1080 
cggcaagatc aatgtggtga aagacaccat caaggtcggc gctggcgaag tctttgacgg 1140 
ccacggcgca accttcactg ccgacaaatc tatgggtaac ggagaccagg gcgaaaatca 1200 
gaagcccatg ttcgagctgg ctgaaggcgc tacgttgaag aatgtgaacc tgggtgagaa 1260 
cgaggtcgat ggcatccacg tgaaagccaa aaacgctcag gaagtcacca ttgacaacgt 1320 
gcatgcccag aacgtcggtg aagacctgat tacggtcaaa ggcgagggag gcgcagcggt 1380 
cactaatctg aacatcaaga acagcagtgc caaaggtgca gacgacaagg ttgtccagct 1440 
caacgccaac actcacttga aaatcgacaa cttcaaggec gacgatttcg gcacgatggt 1500 
tcgcaccaac ggtggcaagc agtttgatga catgagcatc gagctgaacg gcatcgaagc 1560 
taaccacggc aagttcgccc tggtgaaaag cgacagtgac gatctgaagc tggcaacggg 1620 
caacatcgcc atgaccgacg tcaaacacgc ctacgataaa acccaggcat cgacccaaca 1680 
caccgagctt tgaatccaga caagtagctt gaaaaaaggg ggtggactc 1729 

<210> 14 
<211> 424 
<212> PRT 

<213> Paeudomonas eyriagaa 
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<400> 14 _ 

Met Ser He Gly He Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 

! 5 10 15 

Asp Phe Ser Ala Leu Ser Gly Lye Ser Pro Gin Pro Aim Thr Phe Gly 
20 25 30 

Glu Gin Aen Thr Gin Gin Ala He Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 
50 55 W 



Gin Aen Pro Gin Aep Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn lie 
65 



70 75 00 



Ala Lys Leu He Ser Ala Leu He Met Ser Leu Leu Gin Met Leu Thr 
85 90 95 

Asn Ser Asn Lye Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
100 105 HO 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 
130 135 1*0 



Pro Ser 
145 



Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 
150 155 1«0 



Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 
165 170 175 

Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
180 185 1*0 

Pro Gin He Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 200 ^ 205 

Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys He 
210 215 220 

Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 



225 



230 235 240 



Gly His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 



22 
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Gin Oly Glu Asn Gin Lye Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 
260 255 270 

Lea Lys Asn Val Asn Leu Gly Glu Asn Glu Val Asp Gly He His Val 
275 280 285 

Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val His Ala Gin 
290 295 300 

Asn Val Gly Glu Asp Leu He Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn He Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 

Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lye He Asp Asn Phe 
340 345 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 

Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 
370 375 380 

Lys Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 
385 390 395 400 

Gly Asn He Ala Met Thr Asp Val Lys His Ala Tyr Asp Lys Thr Gin 
405 4" 415 

Ala Ser Thr Gin His Thr Glu Leu 
420 



<210> 15 
<211> 344 
<212> PRT 

<213> Pseudaznonas eolanacearum 
<400> 15 

Met Ser Val Gly Asn He Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 
x 5 10 15 

Asn Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
20 25 30 

Val Gin Asp Leu He Lys Oln Vat Glu Lys Asp He Leu Asn He He 

23 
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Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 
50 55 60 

Abu Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 
65 70 75 80 

Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 90 95 

Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
100 105 110 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 140 

Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 
145 150 155 160 

Glu Ala Leu Gin Glu He Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 170 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
180 . 185 190 



Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
195 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
210 215 220 

Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 
225 230 235 240 



V7, 



3* . v£.v- r 



Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys He Let* Asn , 



245 



250 



255 



Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn" Gin 
260 265 270 

Ala Gin Gly Gly Ser Lys Gly A^a isiy Asn Ala Ser Pro Ala Ser Gly 
275 280 \ 285 



Ala Asn Pro Gly Ala Asn <Sl# JPr^Glfe: -Ser Ala Asp Asp Gin Ser Ser 
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Gly Gin Asn Aen Leu Gin Ser Gin He Met Aep Val Val Lys Glu Val 
305 310 315 320 



Val Gin He Leu Gin Gin Met Leu Ala Ala Gin Acn Gly Gly Ser Gin 
325 330 335 



Gin Ser Thr Ser , Thr Gin Pro Met 
340 



<210> 16 
<211> 1035 
<212> DMA 

<213> Pseudoxnonae eolanacearum 
<400> 16 

atgtcagtcg gaaacatcca gagcccgtcg aacctcccgg gtctgcagaa cctgaacctc 60 
aaeaccaaca ccaacagcca gcaatcgggc cagtccgtgc aagacctgat caagcaggtc 120 
gagaaggaca tcctcaacat catcgcagcc ctcgtgcaga aggccgcaca gtcggcgggc ISO 
ggcaacaccg gtaacaccgg caacgcgccg gcgaaggacg gcaatgccaa cgcgggcgcc 240 
aacgacccga gcaagaacga eccgagcaag agccaggctc cgcagtcggc caacaagacc 300 
ggcaacgtcg acgacgccaa caaccaggat ccgatgcaag cgctgatgca gctgctggaa 360 
gacctggtga agctgctgaa ggcggccctg cacatgcagc agcccggcgg caatgacaag 420 
ggcaacggcg tgggcggtgc caacggcgcc aagggtgccg gcggccaggg cggcctggcc 480 
gaagcgctgc aggagatcga geagatcctc gcccagctcg gcggcggcgg tgctggcgcc 540 
ggcggcgcgg gtggcggtgt cggcggtgct ggtggcgcgg atggcggctc cggtgcgggt 600 
ggcgcaggcg gtgcgaacgg cgccgacggc ggcaatggcg tgaacggcaa ccaggcgaac 660 
ggcccgeaga acgcaggcga tgtcaacggt gccaacggcg cggatgacgg cagcgaagac 720 
cagggcggcc tcaccggcgt gctgcaaaag ctgatgaaga tcctgaacgc gctggtgcag 780 
atgatgcagc aaggcggcct cggcggcggc aaccaggcgc agggcggctc gaagggtgcc 840 
ggcaacgcct cgccggcttc cggcgcgaac ccgggcgcga accagcccgg ttcggcggat 900 <: 
gatcaatcgt ccggccagaa caatctgcaa tcccagatca tggatgtggt gaaggaggtc 960 . ^' 
gtccagatcc tgcagcagat gctggcggcg cagaacggcg gcagccagca gtccacctcg 10 2$$ A; 
acgeagccga tgtaa 1035^/" 



<210> 17 
<211> 26 
<212> PUT 
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<210> 18 
<211> 20 
<212> PRT 

<213> xanthoaonas campestris pv. pelargonii 

SaTse^Gln Gin Ser Pro Ser Ala Gly Ser Glu Gin Gin L*u Asp Gin 
1 5 10 15 

Leu Leu Ala Met 
20 



